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Abstract
The aim of this study is to evaiuate the potentiai of using solidification/stabilisation (S/S) 
for the treatment of electric arc furnace dust (EAFD) and examine the effects of using a variety 
of industrial by-products, i.e., pulverised fuel ash (PFA), hydrated lime (hlime), steel slag and 
low-grade magnesium oxide (LGMgO) as cement replacements.
LGMgO, steel slag and PFA with 0%, 40% and 70% EAFD additions met the Waste 
Acceptance Criteria (WAG) requirements with respect to unconfined compressive strength (UCS), 
initial and final setting times and consistency results.
The acid neutralisation capacity (ANC) results showed that PFA and steel slag do not 
have as high buffering capacity as LGMgO and hlime when exposed to acid attacks. The pH level 
was reduced to 5 when 10 meq/g acid was added into both LGMgO and hlime-blended mixtures.
The monolithic leaching test results showed that the fixation of the heavy metals was 
hardly possible in almost all the mixtures studied. The granular leaching tests yielded very good 
results with no metals leaching except for Mo. Mo fixation was achieved only for CEMI-hiime 
and CEMI-LGMgO 1:2:40 mix ratios at 28 days', and for CEMI-LGMgO 1:4:40 and CEMI-slag 
1:4:70 mix ratios at both 7 and 28 days' curing age.
Depletion-controlled release was observed throughout most of the testing (intervals 1-7) 
and was the dominant leaching mechanism for LGMgO, PFA, slag, hlime and CEMi blended 
samples. X-ray Diffraction (XRD) analyses showed that EAFD is mainly composed of zincite 
(ZnO), franklinite (ZnFe204) and magnetite (Fe304). Scanning Electron Microscopy (SEM) analysis 
confirmed the presence of zincite, a compound known to hinder strength development. The 
XRD results of LGMgO and waste blended products at 28 days' curing age indicated the presence 
of zincite.
Overall, this study demonstrated that the optimum combinations where S/S of EAFD was 
successful were for CEMI-LGMgO 1:4:40 and CEMI-slag 1:4:70 mix ratios.
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CHAPTER 1 
INTRODUCTION
1.1 Background
Hazardous waste and hence its disposal have been problematic issues since 
industrialisation began. The increasing awareness of the environmental impact arising from the 
disposal of these types of wastes has forced the authorities to make the driving legislation more 
stringent. Recent amendments in the legislation introduced the mandatory treatment of all 
hazardous wastes prior to their disposal in landfill. Therefore, in the UK, the Waste Acceptance 
Criteria (WAG) was introduced under the Landfill (England and Wales) Regulations in July 2005 
(Environment Agency, 2005). Accordingly, all hazardous wastes have to be pre-treated before 
landfill disposal. In addition, the increasing cost of landfill disposal has incited industries, 
including waste management companies, to find novel alternative options to deal with the 
complexity of hazardous waste disposal.
Up to now, different technologies have been applied to pre-treat hazardous waste prior 
to their disposal in landfill and solidification/stabilisation (S/S) is one of the most commonly used 
techniques to treat different types of industrial waste. This technique, first used in the USA to 
treat nuclear waste, is now widely used for the treatment of both inorganic and contaminated 
soils before final disposal (Conner, 1990; Isenburg and Moore, 1992; Conner and Hoeffner, 
1998a; Bhatty et al., 1999). Reduction in the mobility of the waste and hence the leachability of 
pollutants of concern is the main aim of the S/S processes. After pre-treatment, S/S products 
can either be disposed of in landfill or be considered for reuse in the construction industry, 
depending on the structure and chemical characteristics of the final products (Wiles and Barth, 
1992).
This study focuses on the use of S/S for the treatment of electric arc furnace dust (EAFD) 
which is a by-product of the steel-making industry. Steel industry is the key element in the 
industrialisation and economic development of a country due to its high input within all 
manufacturing sectors. Throughout the world, steel foundries are faced with the major problem 
of dealing with the hazardous waste generated from the electric arc furnaces. EAFD is 
generated as an air pollution control (ARC) residue during the melting of scrap steel in the 
electric arc furnaces. These dusts are extremely fine particles that are formed by the metal 
vaporisation process in the electric arc furnaces and collected in the bag-house. EAFD is an 
industrial waste and is classified as hazardous according to the European Waste Catalogue (EWC)
under the code of 10 02 07*, mainly due to its heavy metal (lead (Pb), cadmium (Cd), zinc (Zn) 
and chromium (Cr)) content (EWC, 2002). The disposal of EAFD has been a problematic and 
costly issue as the amounts produced worldwide are extremely high. The global crude steel 
production is reported as 1527 mega tonnes (Mt) for the year 2011 (World Steel Association, 
2012). In the electric steel process, the specific dust proportion per tonne of crude steel is about 
10 to 20 kg, i.e., the mass of dusts produced corresponds to about 1 to 1.5% of the mass of 
metal produced in the electric arc furnace (Stegemann et al., 2000; Menad et al., 2003).
Due to the large amounts of EAFD generated, many studies have been conducted in 
order to find a solution to its management. Most researchers have come to the conclusion that 
the recycling and disposal of the dust are complicated processes since it contains heavy metals 
and the dust is extremely fine and difficult to handle (Li and Tsai, 1993). There are mainly two 
types of researchers' views on the management of EAFD. One group supports the idea of 
extracting heavy metals from the dust (Sekula et al., 2001). EAFD waste has recovery potential 
due to its high zinc content; however, this is highly dependent on the production process and 
the percentage of zinc present. The composition of EAFD can greatly vary depending on the 
manufacturing process due to the scrap charge into the furnace and the additives used and, of 
course, the steel type that is being manufactured. Pb content in EAFD varies between 4 and 9% 
where Zn content may vary between 7 and 40% (Orhan, 2005). The other group focuses on the 
landfilling of EAFD by means of S/S treatment and possible reuse of the S/S products in the 
construction industry (as building materials), where applicable (Al-Zaid et al., 1997). There are 
numerous published papers on the treatment of EAFD with different cementing systems 
(Catalan et al., 2002; Irabien et al., 2002; Stegemann and Buenfeld, 2003; Fernandez et al., 2003; 
Fuessle and Taylor, 2004). The processes are named and categorised based on the type of 
additives used to achieve solidification: cement-based, pozzolan-based, blast furnace slag, silica 
fume or clay-based, thermoplastic, organic polymerisation, and encapsulation (Sharma and 
Lewis, 1994). The overall conclusion is that cement and and/or pozzolan-based techniques are 
most preferable in the S/S technique due to their low cost compared to other treatment 
methods and materials available.
The purpose of this study is to investigate the potential of using S/S for the treatment of 
EAFD and examine the effects of using a variety of binders, mainly Ordinary Portland Cement 
(PC), pulverised fuel ash (PFA), hydrated lime (hlime), steel slag and low-grade magnesium oxide 
(LGMgO), on the final properties of the solidified products. A particular focus will be on the 
solidified products performance against the WAC and the leaching mechanisms involved under 
different experimental scenarios that will simulate products behaviour in a landfill environment.
Steel slag and LGMgO are both by-products generated by the steel industry and hence they are 
pertinent binders in this particular study. It is therefore important to evaluate their 
performance as cement replacement binders to potentially improve the sustainability of this 
technique for the treatment of this particular waste product.
1.2 Aim and Objectives of Research
The aim is to replace PC with cost-effective alternative by-products with a view to 
improve the sustainability of this technique for the treatment of hazardous wastes as well as 
significantly improving the waste management status of the industry itself. The focus is mainly 
on the evaluation and optimisation of important parameters such as unconfined compressive 
strength (UCS), setting time, bulk density (BD), consistency, specific gravity, and moisture 
content (MC), and most importantly, the leaching properties via the acid neutralisation capacity 
(ANC), granular and monolithic leaching tests. Detailed physical and chemical investigations will 
be undertaken supported by micro-structural surface analysis in order to develop a better 
understanding of the mechanisms involved in the S/S process and the immobilisation of the 
pollutants of concern, namely, heavy metals. The aim is to produce solidified waste products 
that comply with the UK Landfill WAC and could have potential for beneficial re-use. This will be 
achieved by performing comprehensive and controlled laboratory-based experiments to 
evaluate the viability of this technique for the remediation of EAFD by implementing the 
following objectives:
>  Perform a detailed chemical characterisation of the materials and waste products used 
in this study in order to establish the chemical nature and level of the pollutants of 
concern present in the waste.
>  Perform a preliminary screening programme in order to select the potential mix designs 
(CEMI: binder, water: solid (w/s) ratios and % of EAFD addition) for further detailed 
investigations.
>  Evaluate the effects of different binders on the physical characteristics of the final
solidified products by examining the following relevant parameters: UCS, setting time, 
BD, consistency, specific gravity and MC. Most of these parameters require close
monitoring if the waste is to be disposed of in a landfill environment.
>  Evaluate the leaching characteristics of the untreated and treated waste products with
respect to the pollutants of concern (Cd, Cr, Pb, Zn, molybdenum (Mo) and chloride 
(cr)) in order to establish a better understanding of the leaching mechanisms involved
and hence optimise the immobilisation capability of the systems studied. An ANC test 
coupled with granular and monolith leaching tests will provide pertinent information 
regarding the buffering capacity of the treated and untreated wastes as well as the long­
term leaching behaviour under conditions that nearly simulate practice.
>  Perform extended and advanced micro-structural and mineralogical testing on a 
selection of treated and untreated specimens with a view to develop a better 
understanding of the chemical nature of the products formed, the location of the 
pollutants before and after treatment and, consequently, the effectiveness of S/S in the 
immobilisation of the pollutants of concern.
1.3 Structure of the Thesis
The thesis consists of 9 main chapters. The first chapter introduces the research work 
and establishes the aim and objectives for the research.
Chapter 2 focuses on the literature review concerning the S/S of hazardous waste with a 
focus on the application of these techniques for the treatment of EAFD. This chapter reviews 
the literature and history of hazardous waste and its treatment with the use of S/S technology, 
mainly for the purpose of summarising the results found in the published literature and relevant 
to this particular study.
Chapter 3 describes the materials, the experimental methodology and the standard 
methods and procedures employed in this research to assess the performance of EAFD treated 
through S/S.
Chapter 4 presents the optimisation results of the first experimental stage of the study. 
Chapters 5, 6 and 7 describe and discuss the resuits achieved for both the physical and 
chemical analyses of the samples which represent the results of the second experimental stage 
of the study. Chapter 5 focuses on the results achieved using hlime and PFA-blended mix 
combinations. Chapter 6 discusses the results achieved with LGMgO-blended mix combinations 
and, finally. Chapter 7 focuses on the results of steel slag-blended mix combinations. In chapters 
4, 5, 6 and 7, UCS, setting time, consistency, BD and MC are discussed alongside the leaching 
characteristics of the S/S products.
Chapter 8 presents the results obtained from the X-ray diffraction (XRD) and Scanning 
Electron Microscopy coupled with Energy Dispersive X-ray spectroscopy (SEM/EDX) analyses of 
the S/S products. SEM images of the S/S products and the materials used in the study are 
provided and presented along with the sum spectrums of the specimens.
The main findings and outcomes of this research are discussed in Chapter 9. This 
chapter gives an indication on what results were achieved with the main conclusions and 
discusses the possible implications of the outcomes. The possible future research work that may 
be required for further development of the strategic approach of using sustainable alternative 
binders as substitutes for cement, both in waste treatment and in the construction industry, are 
also introduced and discussed.
Finally, a list of references and appendices are provided, respectively. Appendices are 
enclosed on a CD-ROM attached to thesis inside the back cover.
CHAPTER 2 
HAZARDOUS WASTE MANAGEMENT
2.1 Introduction
This chapter reviews the literature and history of hazardous waste and its treatment 
with the use of S/S technology. For many years, hazardous waste disposal has been a major 
concern which needed to be considered carefully by national and international authorities. This 
is mainly due to the uncontrolled release of toxic chemicals into the environment as a result of 
intense industrial activities. Legislation at both national and international level is being enforced 
by governments with a view to regulate the disposal and management of hazardous waste.
Landfilling is one of the most commonly used disposal methods for wastes which are 
difficult or not possible to recycle, degrade or combust, mainly for practical or economic reasons 
(Stegemann and Buenfeld, 2004). This includes hazardous waste, special waste, mixed waste 
and nuclear and radioactive waste (Adaska et al., 1998). However, the increasing awareness of 
the environmental impact arising from the disposal of these types of wastes has forced the 
authorities to amend the legislation and become more stringent. For instance, in the UK, the 
introduction of WAC under the Landfill (England and Wales) Regulations in July 2005 meant that 
all hazardous wastes have to be pre-treated prior to landfill disposal (Environment Agency,
2005).
In the following sections, hazardous waste is described and discussed followed by an 
introduction to the driving legislation and regulations then an overview of the different 
treatment methods used to deal with the waste in question (EAFD). We then conclude with a 
review of the latest literature on the use of S/S for the treatment of hazardous wastes and its 
relevance for the treatment of EAFD waste.
2.2 Definition of Hazardous Waste
Hazardous waste is defined by the Environment Agency as "a waste that is harmful to 
human health or to the environment either immediately or in a long period of time" (2008). This 
type of waste should be considered under the Hazardous Waste Regulations (2005) 
(Environmental Protection, 2005). All wastes are grouped under the European Waste Catalogue 
(EWC) according to generic industry, process or waste type (EWC, 2002). A waste is classified as
hazardous mainly if it is corrosive, toxic, harmful, irritative or carcinogenic. There are various 
hazardous wastes generated from different types of activities such as agriculture, mining, 
construction, manufacturing and even municipal waste, to cite a few. This study focuses on the 
treatment of a specific waste (EAFD) generated by the steel-making industry. The dust 
accumulates in the collection systems of particulate material in the carbon-steel electric arc 
furnaces. It has been classified as hazardous waste according to the EWC in 2002 under the 
code of 10 02 07* "solid wastes from gas treatment containing dangerous substances" (EWC,
2002). It is classified as a hazardous waste mainly due to its chemical composition and leaching 
behaviour (Mager et al., 2000). The presence of leachable heavy metals such as Zn, Pb, Cd, Cr 
and other potential metals has caused this dust to be classified as toxic and unsuitable for 
landfill disposal (Li and Tsai, 1993). It is therefore imperative that it is pre-treated prior to 
landfill disposal.
2.3 Legislation and Regulations
The use of alternative ways of recovery and disposal methods for hazardous wastes and 
heavily contaminated soils has been encouraged after the implementation of the Landfill 
Directive (Council Directive 1999/31/EC) and subsequently introduced into UK law via the 
Landfill (England and Wales) Regulations 2002 and then the amended Landfill (England and 
Wales (Amendments) Regulations in 2005 (European Union Council, 1999; Environment Agency, 
2002, 2005). The increase in landfill costs, the requirement of pre-treatment before landfill 
disposal, and the recovery of waste are the drivers of the amended Landfill Directive. Therefore, 
the recovery of waste and the re-use of treated wastes are encouraged and have created a 
growing market.
The European Commission has decided to adopt some threshold values which the 
member countries could consider as the main targets they have to achieve. These limits and 
threshold values were named and listed in the WAC (2005) where the standard methods to 
follow during the treatment of hazardous wastes were also stated. In order to decide whether a 
waste is inert, hazardous or non-hazardous the following tables, adopted from the amended 
Landfill Directive are used. Table 2.1 lists wastes that can be classified as inert without any 
testing.
Table 2.1 Wastes classified as inert without testing
(Adapted from EWC, 2002)
EWC Code Description Restrictions
10 11 03 Waste glass-based fibrous materials Only without organic binders
15 01 07 Glass packaging
Selected C & D waste only17 01 01 Concrete
17 01 02 Bricks Selected C & D waste only
17 01 03 Tiles and ceramics Selected C & D waste only
17 01 07 Mixtures of concrete, bricks, tiles and ceramics Selected C & D waste only
17 02 02 Glass
Excluding topsoil, peat;
17 05 04 Soil and stones* excluding soil and stones from 
contaminated sites
19 12 05 Glass
2 0  0 1  02 Glass Separately collected glass only
2 0  02  02 Soil and stones* Only from garden and parks waste
For the purpose o f waste acceptance, soil includes naturally occurring sands and clays.
'^'selected construction and demolition waste (C & D): w ith low contents of other types o f materials (like metals, plastic, organics, 
wood, rubber, etc.). The origin o f the waste must be known.
N o C & D  waste from  constructions, polluted with inorganic or organic dangerous substances, e.g. because of production processes 
in the construction, soil pollution, storage and usage o f pesticides or other dangerous substances, etc., unless it is made clear that 
the demolished construction was not significantly polluted.
No C & D waste from construction, treated, covered or painted with materials, containing dangerous substances in significant 
amounts.
This study was undertaken in the UK and hence, the British standard methods and the 
interrelated directives and regulations which are in accordance with EU legislation (as 
mentioned earlier) were considered when dealing with the treatment of hazardous waste. 
Accordingly, when determining whether waste is hazardous or non-hazardous, detailed guidance 
on this assessment was provided by a technical guide on the interpretation of the definition of 
hazardous waste prepared by the Environment Agency (2008). The WAC limit values for waste 
disposal in landfill are provided in Table 2.2. These limits are required in order to decide 
whether the waste is to be accepted for disposal into an inert, non-hazardous or hazardous 
landfill.
In order to ensure the right management and disposal, the Hazardous Waste Directive 
(HWD) (Council Directive 91/689/EEC) provides a European wide definition of hazardous waste. 
Accordingly, the HWD defines a hazardous waste as a "solid, liquid or gaseous by-product of 
industrial processes that possesses at least one or more of the hazardous properties set out in 
the HWD" (European Union Council, 1991). In Annex III of the HWD, 14 hazardous properties 
are listed as H1-H14 where the waste should be assessed to determine if it possesses any of 
these hazardous properties as listed in Table 2.3.
Table 2.2 G ran WAC limit values for granular waste disposal at landfill (BS EN 12457 1-3:2002)
(Adapted from Landfill Regulations, 2005)
L/S* = 10 I/kg -  mg/kg dry substance
Component Inert Non-hazardous* ’^* Hazardous*’’*
As (arsenic) 0.5 2 25
Ba (barium) 2 0 100 300
Cd (cadmium) 0.04 1 5
Cr (chromium (total)) 0.5 10 70
Cu (copper) 2 50 100
Hg (mercury) 0 .0 1 0 .2 2
Mo (molybdenum) 0.5 10 30
Ni (nickel) 0.4 10 40
Pb (lead) 0.5 10 50
Sb (antimony) 0.06 0.7 5
Se (selenium) 0 .1 0.5 7
Zn (zinc) 4 50 2 0 0
Cl (chloride) 800 15,000 25,000
F (fluoride) 10 150 500
SO4 (sulphate)*^’ 1 ,0 0 0 2 0 ,0 0 0 50,000
pH - Minimum 6 -
ANC - Must be evaluated, scenario specific
*L/S = liquid/solid ratio
This limit value for sulphate may be increased to 60,000 mg/kg, provided that the values of Cq (the first eluate of a 
percolation test at L/S = 0.1 I/kg) does not exceed 1,500 mg/l. It will be necessary to use a percolation test to 
determine the limit value at L/S = 0.1 I/kg under initial equilibrium conditions.
*^*The Environment Agency may include conditions in a permit authorising limit values for specific parameters (other 
than dissolved organic carbon) up to three times for waste accepted in a mono-fill landfill taking into account the 
characteristics of the landfill and its surroundings and provided a risk assessment demonstrates that emissions 
(including leachate) from the landfill will present no additional risk to the environment.
Table 2.3 Hazard Classification and Threshold Values
(Adapted from Environment Agency, 2005)
Hazard Classification Threshold Values
H I EXPLOSIVE Not available
H2 OXIDISING Not available
H3A HIGHLY FLAMMABLE Not available
H3B FLAMMABLE Liquid substance having a flash point 21°C < T < 55°C
H4 IRRITANT One or more irritant substances classified with risk phrase
R41 > 10% or R36, R37 or R 38> 20%
H5 HARMFUL
One or more substances classified as harmful at a total
concentration >25%.
H6 TOXIC One or more substances classified as very toxic > 0.1% or
one or more substances classified as toxic > 3%
One substance known to be carcinogenic of category 1 or
H7 CARCINOGENIC 2 at a concentration >0.1 and one substance known to be 
carcinogenic of category 3 at a concentration > 1%
One or more corrosive substances classified with risk
H8 CORROSIVE phrase R35 at a total concentration > 1% or one or more
corrosive substances classified with risk phrase R34 at a 
total concentration > 5%
H9 INFECTIOUS Not available
One substance toxic for reproduction of category 1 or 2
HIO
TOXIC TO REPRODUCTION classified with risk phrases R60 and R61 at a concentration 
>0.5% and one substance toxic for reproduction of 
category 3 classified with risk phrases R62 at a 
concentration > 5%
One mutagenic substance of category 1 or 2 classified
H l l MUTAGENIC
Substances that release toxic
with risk phrase R46 at a concentration > 0.1% and one
mutagenic substance of category 3 classified with risk 
phrase R68 at a concentration >1 %
H12 or very toxic gases in contact 
with water, air or an acid. 
Substances after disposal (i.e.
Not available
H13
a leachate) which possesses 
any characteristics listed 
above
Not available
H14 ECOTOXIC Not available
2.4 State of the Art Solidification/Stabilisation Technology
S/S technology was first described by Jesse Conner in 1990 and more recently in 1998 in 
a review with a co-author, Steve Hoeffner (Conner and Hoeffner, 1998a). As mentioned in 
those publications, the use of S/S technology began in the 1950s when it was firstly used in the 
treatment of nuclear/radioactive waste solidification with successful results (Conner 1990; 
Conner and Hoeffner, 1998a). The S/S treatment of hazardous waste residues was first used in 
the 1970s and it has since then received the attention of governments for the improvement and
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development of various aspects of S/S for the treatment of different waste types (Shi and 
Spence, 2005). Hazardous wastes including industrial sludges, foundry dusts which contain 
heavy metals and APC residues are commonly treated with the S/S technique prior to their final 
disposal to landfill (Conner, 1990). Currently, in the UK, the S/S technique is used to treat 
various waste streams including water treatment sludges, contaminated silt dredging, 
intermediate and low level radioactive waste, mercury contaminated dredging, steel slag, metal 
smelting residue, foundry dust, incinerator bottom ash and, to a lesser extent, EAFD (Al-Tabbaa 
and Perera, 2002).
Stabilisation is a technique that has been used to entrap toxic wastes in a stable crystal 
lattice by inducing a chemical change in a waste to form insoluble compounds. Improved 
structural integrity and physical characteristics were achieved via the solidification process by 
producing a solid monolithic mass (Stegemann and Cote, 1990; Asavapisit et al., 2001). This 
would help the solidified product to be easily handled, transported and have enough strength 
for landfill disposal. Moreover, decreasing the mobility and exposed surface area of the waste 
by solidifying the product would help to significantly decrease the leachability and prevent any 
possible groundwater and surface water contamination when exposed to the environment 
(Wiles, 1987; Montogomery et al., 1988; Barth and Percin, 1990; Conner, 1990; Adaska et al., 
1998; Andres and Irabien, 1994b; Asavapisit et al., 2000). Stabilisation is required in order to 
reduce the leaching of certain constituents that are sensitive to pH alterations.
Cementitious materials are the most popular binding agents used in the treatment of 
hazardous waste to convert the waste from an unstable to a more stable form. The use of 
ordinary Portland cement (PC) or other hydraulic binders (such as pozzolanic power plant fly ash) 
in the S/S process is one of the best available methods for the treatment of waste that cannot be 
reduced, destroyed or recycled. Cementitious materials are helpful in binding the pollutants into 
solid forms through both physical and chemical mechanisms (Stegemann and Cote, 1996; 
Stegemann and Buenfeld, 2002b). There are many other studies and researchers who agree that 
PC is the main binder being used to solidify and immobilise pollutants into a solid form (Li et al., 
2001a). As mentioned earlier, in addition to cement, pozzolanic materials are also used for this 
purpose. These mainly include PFA, blast furnace slag, silica fume, natural or modified clays and 
sand (Poon et al., 1985). It is clear from the literature that many different types of materials 
have also been used as additives in S/S systems, such as activated carbon, carbonates, concrete 
additives, iron and aluminium compounds, neutralising agents, oxidising agents, phosphates and 
reducing agents (Conner and Hoeffner, 1998b).
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Although cement was selected as the main binder in the S/S technique, it was realised in 
the past century that it has detrimental effects on the environment and human health. The 
production of cement causes large amounts of carbon emissions to be released into the 
environment and involves an overuse of natural resources (Middendorf et al., 2005). This has 
incited the use of different types of additives and binders as substitutes for cement. Many 
different formulations have been developed for the S/S process mainly based on the type of 
waste or heavy metals it might include. It has been proved that PC can be modified and/or 
replaced using fly ash, hlime, steel slag, soluble silicates, clay and MgO for suitable S/S process 
(Mayers and Eappi, 1992; Singh and Garg, 1999; Fernandez et al., 2003; Turkel, 2006; Tsakiridis 
et al., 2008; Fernandez-Pereira et al., 2009; Zhang et al.,2011).
An industrial by-product may be used in the cement manufacturing process in two 
different ways. One could be the use of the by-product as the raw material feed to the kiln in 
the manufacture of PC in place of coal. Alternatively, by-products could be used together with 
PC by mixing siag cements or PFA as pozzolans (Gutt, 1971; Tsakiridis et al., 2008).
The following sections discuss the hazardous waste in question (EAFD) and its treatment 
methods, including cement-based S/S technology. In addition to those discussions, alternative 
binding agents to cement are discussed in detail with the aim of achieving the most sustainable 
way of treatment using industrial wastes/by-products as binding agents.
2.5 EAFD Treatment Methods
Due to the large amount of EAFD generated, approximately 10-20 kg of dust per tonne 
of steel, an evaluation of the existing recycling options is essential and the S/S of this waste 
should be the last option to be envisaged. Previous studies investigated the potential reuse of 
EAFD either as mineral admixture for cementitious building materials (Al-Zaid et al., 1997; 
Flores-Velez and Dominguez, 2002; de Vargas et al., 2006) or as raw material for the 
manufacture of glass (Kavouras et al., 2007) and ceramics (Sikalidis and Mitrakas, 2006).
Pyrometallurgical, hydrometallurgical, hybrid py ro meta 11 u rgi ca l/hyd ro meta 11 u rgica I, 
stabilisation and vitrification are the main types of EAFD treatment technologies. Although 
many techniques other than S/S are available, none can achieve any better results. For instance, 
vitrification is an alternative method to S/S but this technique requires a very high level of 
energy consumption and hence is very expensive to run (Barth, 1990).
It is also worth noting that S/S technology has both advantages and disadvantages. It 
can be achieved in a very short period of time; however, it does not necessarily destroy the
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contaminants. Moreover, this technique can be used to treat substances like heavy metals and 
dioxins but it is quite difficult to predict the long-term behaviour of the solidified products and 
organic constituents cannot be treated effectively (Conner and Hoeffner, 1998b).
Internal recycling, vitrification, inertisation and metal recovery by hydrometallurgical 
and pyrometallurgical processes have been widely used in the EAFD treatment. However, it is 
well understood from the literature that only 35% of worldwide EAFD is recycled via these 
processes due to their high energy and capital costs while, the remainder is landfilled (Segers, 
1996; Liebman, 2000).
2.5.1 EAFD Recycling
Two main options are commonly preferred in the handling of EAFD as also discussed by 
Orescanin et al. (2007). The first is to convert it into non-hazardous waste by 5/5 as mentioned 
earlier (Pereira et al, 2001 and Fernandez-Pereira et al., 2002) and the second is the recycling of 
its valuable constituents like Zn and Pb. There are currently many ways to recycle these metals. 
^  Magnetic and mechanical separation of EAFD particles (5ekula et al., 2001)
^  Alkaline leaching with caustic soda (NaOH) (Orhan,2005; Jarupisitthorn et al., 2003) 
Alkaline leaching with NaOH followed by fusion leaching residues with NaOH (Zhao and 
5tanforth,2000)
Microwave-assisted caustic leaching (Xia and Pickles,2000)
^  High-temperature metal recovery (Yoo et al., 2005)
The acid leaching method gave also promising results (Yoshida, 2003)
It is important to note that the EAFD from the production of stainless steel contain high 
levels of Cr and Ni, whereas EAFD from carbon or low-alloy steel typically contains much more 
Zn and Pb from the use of galvanised scrap metal (5tegemann et al., 2000). Fe, Zn, Ca, Cr, 51, Cl, 
C, Pb, Ni Cd, Cu and AI are the abundance order of major elements found in EAFD according to 
the data quoted in the literature, including dusts from 5pain, Taiwan and U5A (Crueils et al., 
1992; Li and Tsai, 1993; Al-Zaid et al., 1997). Zn, Pb, Cd and Cr are heavy metals that mostly 
found in EAFD at very high levels (Pereira et al., 2001; Pelino et al., 2002; 5ofilic et al., 2004 and 
Orhan, 2005).
Nowadays, the Befesa Group in 5pain and 5teel Dust Recycling in America (part of Grupo 
Promax) are activeiy involved in steel dust recycling. Pb and Zn can be effectively recovered 
through thermal processes such as Waelz rotary kiln, plasma arc smelting and EAF. These 
processes recover high-quality metal alloys which are returned to stainless steelmakers for use
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as secondary raw materials, and a zinc oxide (ZnO) known as Waelz Oxide with a Zn content of 
55-65 % (Steel Dust Recycling, 2008; Befesa, 2009). Recovery of heavy metals from EAFD is a 
widely used alternative method for the management of the dust. However, the cost of this 
process is considerably high which makes producers reconsider these processes. S/S technology 
still remains a feasible alternative due to its comparably lower cost of application. Moreover, in 
the UK, such a recycling process is not available at present, and therefore, according to local 
regulations, EAFD needs to be pre-treated by an S/S process in order to meet the requirements 
of the EU Landfill Directive 1999/31/EC as amended in 2005 (European Union Council, 1999).
2.5.2 Hydrometallurgical and Pyrometallurgical Treatment
EAFD can be treated either by hydrometallurgical or pyrometallurgical processes. These 
two types of processes generate either zinc oxide (ZnO) or metallic ions. Leaching is used as the 
main extraction method among the hydrometallurgical processes. These processes are highly 
costly and use large amounts of chemical reagents in treating the waste. In hydrometallurgical 
processes, the Zn from ZnO and zinc ferrite (ZnxFes.x0 4 ) which constitutes up to 60% of the EAFD 
can be recovered and stay insoiuble unless leaching in hot strong acid. Thus, the Zn recovery via 
this method is quite low if Zn mostly exists in zinc ferrite form (Polsilapa and Wangyao, 2007). 
The metal recovery may sometimes not be profitabie due to the low metal content of the EAFD.
Pyrometallurgical and hybrid processes could also be used in the management of EAFD. 
Many technologies are available for the pyrometallurgical treatment of EAFD. However, most of 
them are not environmental friendly as they are based on carbothermic processes and generate 
carbon dioxide (CO2) and carbon monoxide (CO) (Polsilapa and Wangyao, 2007). Some reducing 
agents are required for pyrometallurgical processes. This method requires high temperature to 
produce raw ZnO at low commercial value. The Rotary Waelz kiln technology is widely used in 
the pyrometallurgical treatment of EAFD. This process could be costly and inconvenient due to 
the need of large scale of input. In order to overcome the drawback of this technology, plasma- 
based treatment processes have been developed but are capable of serving oniy for the capacity 
of specific steel-making locations. Hydrometallurgical processes for the treatment of EAFD can 
be more advantageous than pyrometallurgical if a small scale on-site process can be operated. 
The low capital and operating costs and the recovery of the potential heavy metals can make 
this process more economical (Xia and Pickles, 2000). Caustic soda leaching is one of the most 
commonly and effectively used pyrometallurgical process. If the amount of Pb and Zn in the 
EAFD is high enough to make the process economical, the results achieved by using the caustic
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soda leaching process could be very promising. Mordogan et al. (1999) and Youcai and 
Stanforth (2000) concluded that it is possible to recover Zn and Pb at above 80% levels. This 
would definitely contribute to a country's economy as the need for Pb and Zn could be met with 
the recovered metals while, at the same time, the pollution caused by those heavy metals could 
be eliminated.
2.5.3 Thermal Treatment
2.5.3.1 Vitrlfication/Glassification of EAFD
Vitrification is a thermal treatment process of wastes that are converted into giass 
and/or crystalline materials at a temperature of around 1400-1450°C (Conner and Hoeffner, 
1998a, b). The metals present in the waste are immobilised since they are dissolved and 
encapsulated in the molten glass. Several types of glass could be obtained through the 
vitrification process where glass cull et, sand and EAFD are mixed (Pelino et al., 2002). The batch 
compositions were prepared to force the final glass composition into the glass forming region of 
the Si02 -Fe203-(Ca0 , MgO) system as explained by Pisciella et al. (2001): the glass structure 
formed influences the chemical stability which is indeed dependent on the silicon to oxygen 
(Si/0) ratio in the glass.
The glassification process is defined as recycling EAFD and other by-products of the 
steel-making industry (e.g., slags and swarf) and converting them into valuable, marketable 
products that are defined as non-leachable by the varied extraction test protocols. Colorants, 
fillers, roofing granules, coloured glass and glass ceramics, ceramic glazes, sand-blasting grit and 
materials for Portland cement production are the main marketable products generated as a 
result of the glassification process. The glassification process is carried out through the following 
experimental procedure:
The furnace includes a molybdenum electrode for partial or full electric heating. The 
glass cullet is melted at a temperature of 1371°C and the glass-forming ingredients including 
EAFD and other steel mill waste products are included where the glass batch forms an insulating 
blanket on top surface of the melted glass. As the molten glass level rises, it then flows into the 
refiner section. The moiten glass then can be ladled out either by pouring it into moulds to form 
castable products or into a granulator to form granular products (Jackson and Chapman, 1995).
This process helps replace the other constituents that are required as virgin 
materials/additives for the glass-making process and hence, would help the conservation of 
resources and the recycling of both hazardous and non-hazardous materials that are generated
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during steel-making. The initial operating cost of this process is quite high but over a longer 
period of time, if the market for the recycled products exist, profit could be achieved out of this 
application. Moreover, the successful glassification of EAFD would save in disposal costs and 
administrative costs for permits as well as reduce the liability benefits. On the other hand, this 
process could only be advantageous if the amount of EAFD production is high enough and, as 
mentioned earlier, there are markets for the recycled products to be sold (Jackson and 
Chapman, 1995).
2.5.4 Cement-based S/S of EAFD
The zinc content in the EAFD is at very high ratios compared to other elements. It varies 
between 13% and 63% depending on the process being used and hence, makes the option of Zn 
recovery quite an attractive one. This element has been used widely in most countries in the 
galvanising process of carbon steel and hence the increase of its price. Zinc has very low 
solubility in molten steel and slag, hence, the zinc from the steel scrap mostly ends in the dust 
and fumes emitted by the furnace when galvanised scrap is used in the electric arc furnaces. In 
many countries, the zinc content of the dust is higher than 40% whereas in some others it is less 
than 13% (Al-Zaid et al., 1997; Machado et al., 2006a,b; Salihoglu et al.,2007). It is clear that the 
chemical composition of the EAFD influences the potential disposal and treatment options. 
Moreover, the Zn recovery might not be necessarily economically viable since the processes are 
quite complicated and costiy. Thus, any other alternative treatment method with potential for 
reuse is preferable (Rockett and Payne, 2005).
PC, Coal fly ash, LGMgO and hlime was widely used in the literature for the S/S 
treatment of EAFD (Andres and Irabien, 1994a, b; Pereira et al., 2001, 2007; Flores-Velez and 
Dominguez, 2002; Irabien et al., 2002; Fernandez et al., 2003; Fuessle and Taylor, 2004; Salihoglu 
et al., 2007).
PC was used as the main binder in S/S of EAFD by Flores-Velez and Dominguez (2002) 
where in between 2% and 10% of EAFD by weight was incorporated into the mix matrix. A very 
similar strength values to that of PC paste was obtained where the retardation effect of EAFD 
was agreed with longer setting times. Salihoglu et al. (2007) also used PC as the main binder 
with EAFD addition varying between 5-20% by weight and they concluded that using PC on its 
own was not effective in EAFD detoxification.
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EAFD was stabilised using coal fly ash in a study undertaken by Pereira et al. (2001). 
Accordingly, it was reported that the minimum solubility of the metal in the leaching medium 
may be achieved if the final pH of the leachate is in the range of 8.0-11.3.
In another study, EAFD was treated with various stabilising agents including LGMgO and 
a mixture of hlime and PC where the results achieved were compared (Fernandez et al., 2003). 
The redissolution of heavy metals was observed when a mixture of hlime and PC was used as the 
final pH of the mixture exceeds the minimum heavy metal solubility range. Therefore LGMgO 
was recommended as a suitable stabiliser agent in order to provide an optimum pH in the final 
mixture.
The literature review of cement-based S/S systems leads this work to focus on the use of 
different binding agents in the treatment of hazardous wastes. The following section therefore 
discusses alternative binding agents that have been used in the S/S of EAFD.
2.6 Binding Agents
2.6.1 Introduction
The S/S treatment is based on binders and waste mixtures where the binders used are 
mostly alkaline materials which may reduce the leachability of the metals by maintaining a high- 
pH matrix. For instance, alongside PC, coal fly ash is one of the most popular binder agents 
where both are alkaline (Conner and Hoeffner, 1998b). There is a wide variety of binders used in 
the S/S treatment of hazardous waste, PC being the most widely used. In the literature a few 
researchers including Smith (1993) considered the use of hlime, PC or a mixture of both as the 
most cost-effective treatment of EAFD prior to its landfill disposal. However, due to cement's 
detrimental effects on the environment and human health, a replacement is continuously being 
sought. Cement/fly ash, cement/soluble silicate and lime/coal fly ash are the combinations that 
have been tried for the replacement of cement (Conner and Hoeffner, 1998b).
The replacement materials should also be as cost-effective as cement. The cost of the 
binders may cause severe restrictions on what type and quantity of binder can be used. Hence, 
materials which are cheaper than and as effective as cement should be selected. In this study, 
LGMgO, steel slag, hlime and PFA have been selected for cement replacement. The selection of 
binders was based on the effectiveness and cost of the materials compared to cement. Table
2.4 summarises the available mix proportions and various binders used by other researchers in 
the field.
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Table 2.4 Mix Designs in the Literature
Reference Binding Systems (% solids) EAFD (% solids)
W /S
ratio
Fernandez-Oimo et a!., 2007 7-20% CEMI 80-93 0.30
Andres et a!., 1995
25% CEMI 75
0.17
25% CEMI + 25% anhydrite 50
Salihoglu et al.,2007 10-90% CEMI 5-90 0.40
Hamilton and Sammes, 1999 50-90% CEMI 10-50 0.40
Shi et al., 1997
40-100% AABFS* 0-60 0.43-0.75
40-100% CEMI 0-60 0.28-0.63
Irabien et al., 2002
0-25% CEMI
68-94 0.33-0.50
0-25% CEMI + 0-10% CaO or 
Ca(0H)2
0-25% CEMIII
Fuessle and Taylor, 2004 8-26% CEMI-PFA(70:30) 74-92 0.2-0.3
Skvara et al., 2002
0-20% CEMI
0-80 0.29-0.45
0-20% CEM III Portiand-slag
de Vargas et al., 2004 75-100% CEMI 0-25
0.265-
0.310
Pereira et al., 2001
Some CEMI + CaO + 50% PFA- 
Class F 50 -0 .25
Pereira et al., 2007
67% CEMI 33
-0 .257-11% CEMI + 7-8% CaO + 41- 
50% PFA Class F 33-41
Fernandez et al., 2003
12.5 and 25 % CEMI/LIME at 
70:30 ratio 45-90 0.14
6-25% CEMI 75 and 87.5
Andres and Irabien, 1994a
6-25 % CEM I+ 0 or 30% 
CaO/Ca(OH) 2
75 and 94 0.3-0.5
0 or 30% CaO/Ca(OH) 2  + 6-25 
% CEMII PortIand-slag
0 or 30% CaO/Ca(OH)2 + 6-25 
% CEMIII blast furnace
Andres and Irabien, 1994b 10-100% CEMI 0-90 0.17
Park, 2000
11% CEMI
89 0.18
8.8% CEMI + 2.2% kiln dust
8.25% CEMI + 1.65% kiln dust 
+ 1.1% quick setting agent
Fernandez-Pereira et al., 2002 10% CEMI +45% zeolitised fly 
ash 45 -0 .25
Laforest and Duchesne, 2007
10% CEMI + 45% zeolitised fly 
ash
25 0.3 & 0.475% CEMI
37.5% CEMI + 37.5% GGBFS
Fernandez-Pereira et al., 2009
50% PFA class F + 14-33% 
geopolymer activators
17-36 0.11-0.56
Flores-Velez and Dominguez, 
2002
2-10% CEMI 90-98 0.5
W/S=water/solid ratio; *AABFS=aikall activated blastfurnace slag; 
CEMI/CEMII/CEMIII=Ordinary Portland cement type I/type ll/type I
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2.6.2 Ordinary Portland cement (PC)
2.6.2.1 General Cement Chemistry
PC is produced by simply heating limestone and clay at about 1450°C. Clinker is formed 
as a result of partial fusions. In order to make the cement, the clinker is mixed up with a few 
percent of calcium sulphate (gypsum) (CaS04  2 H2O) (Bye, 1999). The presence of calcium 
sulphate is important since it controls the rate of set and influences the rate of strength 
development. There are four main phases in an PC clinker (Taylor, 1997):
❖ Alite - (tricalcium silicate) (CagSiOg); constitutes 50-70%
❖ Belite - (dicalcium silicate) (Ca2SiÜ4); constitutes 15-30%
❖ Aluminate - (tricalcium aluminate) (Ca3Al206); constitutes 5-10%
❖ Ferrite - (tetracalcium aluminoferrite) (Ca2AIFeOs); constitutes 5-15% of normal PC 
clinkers.
These ratios are in agreement with the ones provided by Double in 1983. Calcium oxide 
(67% CaO), silicon dioxide (22% Si0 2 ), aiuminium oxide (5% AI2O3) and ferric oxide (3% Fe2Ü3) are 
the main components that make up the clinker. Typical compositions of phases in PC clinker are 
provided in the Table 2.5 (Adapted from Taylor, 1997).
Table 2.5 Typical compositions of phases in PC clinker (mass %)
CaO SiOz AizOg FezOs NazO MgO SO3 KzO
Alite (C3S) 71.6 25.2 1 .0 0.7 0 .1 1 .1 0 .1 0 .1
Belite (CgS) 63.5 31.5 2 .1 0.9 0 .1 0.5 0 .2 0.9
Aiuminate (C3A) 56.6 3.7 31.3 5.1 1.0 1.4 0 .0 0.7
Ferrite (C4AF) 47.5 3.6 21.9 21.4 0 .1 3.0 0 .0 0 .2
All of these components have their own properties. C3S is responsible for high early 
strength, C2S slows hardening for good final strength, C3A is responsible for quick setting, high 
heat evolution and poor chemical resistance and, finally, C4AF controls medium hardening, low 
heat and moderate strength (Neville, 1995).
The MgO content in cement is important even though it is a minor element. The 
clinkering temperature can be controlled and reduced by MgO whereby it may act as a catalyst 
for the formation of C3S (the major hydraulic phase) and prevents its subsequent decomposition 
(Liu et al., 2002). The silicates and aluminates are the compounds that form the cement 
structure. In the presence of water, these compounds form the hydration products and the 
hydrated cement paste gains firmness and hard mass integrity. The hydration of cement clinker 
will lead to the formation of hydration products mainly calcium silicate hydrate (C -S -H ). These
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hydration products have very low solubility in water and hence play a very important role in the 
stability of the hydrated cement. The un-reacted cement is attached firmly to the hydrated 
cement and the molecules usually exist at different states as crystailine, semi-amorphous and 
amorphous. Hydroxides, ettringite (Ca6Al2(S0 4 )3(0 H)i2 2 6 H2O), calcium aluminate monosulphate 
hydrate (C4AH13) and residual C3S, (3-C2S and C4AF are crystalline compounds where C-S-H gel and 
calcium hydroxide (C-H) as amorphous compounds are present in the PC paste (Taylor, 1997; 
Ramachandran et al., 1981; Neville, 1995).
There are many amorphous compounds in the PC paste and hence it is quite difficult to 
estimate what amounts exist in the hydrated paste at different phases. Some estimates were 
made by several researchers, however, and it is therefore assumed that the paste is composed 
of 70-80% C-S-H gel, 20% Ca(0 H)2 , 7% aluminates and sulpho-aluminates and 3% un-hydrated 
materials (Diamond, 1976 ;Ramachandran et al.,1981).
The composition of C-S-H gel in hydrated C3S pastes is strongly influenced by the initial 
w/s ratio and the degree to which the cement is hydrated. The Ca/Si mole ratios of the C-S-H 
are between 1.75 and 2 (when hydrated at low w/s ratios) (Ramachandran et al., 1981; 
Richardson, 1999).
According to Taylor (1997), X-ray diffraction (XRD) results showed that almost 70% of 
the C3S reacts in 28 days and the rest in a whole year and the products are C-H and C-S-H gel. 
The same pattern was developed with C2S except for the fact of less C-H formation and slower 
reaction where 90% of the reaction was only completed after a whole year. The Ca/Si ratio 
could be determined based on the reacted and un-reacted content of C-H and CO2 where this 
data could be approximated with the help of XRD and image analysis of backscattered electron 
images (Taylor, 1997). The quality and quantity of the metal fixation reactions occurring is 
generally influenced by the Ca/Si ratio in the C-S-H gel formed in the final S/S product (Bhatty et 
al., 1985, Bhatty, 1987). Classer (1993) mentions that the metal retention within the cement 
matrix is controlled by the Ca/Si ratios. At high Ca/Si ratios, calcium ions are replaced from the 
structure of C-S-H whereas a fixation reaction is observed to occur at lower Ca/Si ratios.
A series of chemical reactions occur when cement and water are mixed, this resulting in 
stiffening, hardening and long-term strength development. The hydrates formed as a result of 
these reactions determine most of the hardened cement paste characteristics. The aluminates 
(C3A, C4AF) react first to form calcium aluminate hydrates that provide the first stiffening 
characteristic of the paste. The caicium sulfoaluminate hydrate is formed when sulphate from 
the gypsum reacts with the aluminates to coat them. The combination of water with highly 
reactive aluminates is prevented by this coating. C3S is the first to react with water in the first
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few hours whereas ettringite reacts with the C3A afterwards. C-H and cement gel are formed as 
a result of C3S reacting with water and a different calcium sulfoaluminate hydrate is formed 
when the ettringite reacts with C3A and water. After all these reactions, the aluminates began to 
hydrate again. Tetracalcium aluminate hydrate is formed when the C3A reacts with water and C- 
H. The cement gel is responsible for the strength development. The C-S-H gel is an amorphous 
material. The calcium silicates, C3S and C2S constitute 75% of the weight of cement where both 
hydrate to form C-H and cement gel. Hydrated cement contains about 25% C-H and 50% cement 
gei by weight (Baker and Houston, 1999).
The amount of gypsum added into the mixture is quite important as excessive 
incorporation of gypsum leads to expansion and may disrupt the setting of the cement paste. 
However, gypsum is required in order to prevent flash set. Flash set happens when pure C3A 
reacts with water and leads to an immediate stiffening of the cement paste. When added to the 
mixture, gypsum reacts with C3A and leads to the formation of insoluble calcium sulfoaluminate 
(3 Ca0 .Al203.3 CaS0 4 .3 1 H2 0 ) where eventually C3A is formed, which means an increase in the 
amount of aluminate and decrease in the amount of sulphate. In such cases, the direct 
hydration of C3A is very likely (Neville, 1995).
2.6.2 2 The effect of carbonation on cement hydration
During the storage of samples, many processes may affect and change the physical and 
chemical characteristics of the materials (e.g., carbonation, precipitation, oxidation, etc.). The 
release potential and release rate of inorganics from the solid matrix can be influenced by these 
processes (Sanchez et al., 2002). Therefore, every effort should be made to prevent the 
detrimental effects of these processes on the materials. For instance, in this study, in order to 
prevent any carbonation effect on the cement hydration of the specimens, the samples were 
placed into plastic bags with a damp cloth and sealed securely. Moreover, the samples were 
stored in sealable storage bottles during the tank leaching test in order to prevent any contact 
with air and hence CO2. Carbonation may affect the pH of the material and re-speciation of the 
constituents may occur. The pH of the pore-water may be influenced and lowered by 
carbonation (Sanchez et al., 2002). Alba et al. (2001) agree that the leachability of heavy metals 
including 50 4^, Zn and Cr may be increased due to the carbonation process as it may a iter heavy 
metals' and salts' immobilisation.
Carbonation in general is a slow process owed to the low content of carbon dioxide in 
the atmosphere; however, it may be accelerated by a carbon dioxide supply. Indeed,
2 1
carbonation is a well-known phenomenon that causes deleterious effects on concrete and 
mortars. On the other hand, in some specific cases where solidified waste forms are carbonated 
before landfill, some beneficial effects can be observed in cement solidified waste forms which 
are vulnerable to carbonation. Carbonation lowers the pH values to levels where the minimum 
solubility of some heavy metals can be attained. This results in general improvements in metal 
immobilisation. However, lowering the alkalinity of the solidified matrix means lowering the 
buffering capacity which may be problematic as the waste will be more vulnerable to acid 
attacks and heavy metals will be released in the long term. Under acidic conditions, the ANC of 
the material also increases due to the carbonation process (Fernandez Bertos et al., 2004). It is 
important to note that, some metals can achieve better immobilisation at lower pH levels after 
carbonation where some cannot. Different species have different behaviour after carbonation. 
Carbonation in most cases helps to reduce the leachability of metals. The effect of carbonation 
on the leaching of metal species can be summarised as follows: the leachability of Cu, As, Cl and 
s o / is mostly increased after carbonation. This is mainiy due to the decomposition of ettringite 
and through the reduction of the pH. Zn and Pb are the best retained species when compared 
to others due to their amphoteric behaviour. However, they are mobilised at lower pH values 
due to carbonation. Ni, Mn, Cd and Co are mobiiised due to the low pH of the system. The 
formation of carbonates including BaCOg and BaS0 4  significantly reduces Ba leaching ratios in 
carbonated samples. On the other hand, the pH decrease due to the carbonation increases Cr 
leaching (Bonen and Sarkar, 1995; Bin-Shafique et al., 1998; Venhuis and Reardon, 2001; Vails 
and Vazquez, 2001; Sanchez et al., 2002; Van Greven et al., 2004). Fernandez Bertos et al. 
(2004) also mention that carbonation can decrease the heavy metals' leaching and can enhance 
strength development by up to 70% if the following conditions exist in the S/S system. 
Portlandite (Ca(0 H)2) is converted into calcite (CaCOg) in a cement-based matrix due to 
carbonation (calcite is a iarger molecule than portlandite, thereby clogging pores) (Gervais et al., 
2004). The C-S-H gel is also converted into calcium carbonate, silica gel and water when 
carbonation affects the mix matrix (Bonen and Sarkar, 1995; Lange et al., 1996a, b). The 
neutralisation of the cement matrix is reached by converting the alkaline constituents into 
carbonates through carbonation (Gervais et al., 2004). The properties of cement-based waste 
solid forms are importantly altered by carbonation. The C-S-H gel, which plays the most 
important part in the fixation of heavy metals, is also amended. Calcite formation also affects 
the solid matrix due to volume change. This change helps to fill pore space and improve the 
structural integrity. The formation of calcium carbonate increases the hydration of CgS, which 
plays an important role in strength development. On the other hand, a décalcification of C3S (a
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decrease in the amount of C3S) is also observed and reported with the acceleration of hydration 
in the presence of carbon dioxide (Lange et al., 1996a, b).
In summary, in order to prevent the carbonation effect on the cement-based waste 
matrix to avoid its complex effect on metals leachability, the specimens prepared were cured in 
a humid chamber where they have no contact with water or air.
2.6.2 3 S/S with Cement
The most widely studied and frequently used cementitious binding agent is cement. 
Waste materials are mixed with cement followed by the addition of water for hydration (Chan et 
al., 2000). Using cement in the solidification process is a simple application widely understood, 
easily available and results in a stable product (Roy et al., 1991). Cement was widely used in the 
S/S treatment due to its low capital cost and easy availability for the alkalinity of cement that 
helps to neutralise acidic wastes (Roy et al., 1991; Chan et al., 2000). It has the ability to very 
easily form a durable, monolithic structure that will not leach the hazardous constituents under 
disposal conditions (Conner, 1990; Batchelor, 2006). However, it is commonly agreed by various 
researchers that the heavy metal content of the waste has a detrimental effect on the hydration 
reactions of cement, resuiting in lowered S/S performance (Adaska et al., 1998; Hills et al., 1993; 
Hills and Pollard, 1997; Trezza, 2007). When waste containing only 3% zinc is incorporated into 
cement, a strength reduction of 99% was observed where similar observations were made with 
the addition of Pb. It is found out that the lead ions may retard the initial and final setting time 
where also weaken the strength of cement mortar by 30% (Bobrowski et al., 1997; Hills and 
Pollard, 1997). Any mixture having higher than 5 % (w/w) of Pb and/or 2% of Zn would cause a 
weak S/S effect (Ortego et al., 1989; Cocke et al., 1992).
The heavy metals are bonded into stabilised solid forms using cementitious materials 
through both physical and chemical mechanisms. Cement-based S/S provides an alkaline 
medium where many contaminants are immobilised due to the low solubility characteristics they 
carry in such chemical environments. Moreover, a durable matrix is ensured to have low 
permeability, which constitutes a physical barrier to leaching. However, several waste 
constituents may deteriorate the cement-based solidified forms which could affect the setting, 
handling and strength development and thus result in poor contaminant retention. Hence, it is 
important to monitor several physical and chemical characteristics of the S/S products.
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There are few advantages of using PC in S/S systems and these are listed by Adaska et al. 
(1998) as follows:
• PC is usually available in all specifications that would be convenient for all types of 
waste, conditions and promises uniformity.
•  PC is a manufactured product, not a by-product or a waste; hence its reliable product 
quality and invariable composition which would not affect the S/S process unexpectedly.
•  Much data about the S/S performance of PC is available compared to other reagents.
•  The volume increase in PC by expansion is minimal when compared to other materials 
that are expansible.
•  PC is readily available and a non-proprietary product, economical and available in either 
buik or bag quantities.
Despite the many advantages of using PC in S/S systems, there are also many 
disadvantages which should be considered when dealing with PC. The disadvantages of cement 
have forced the authorities and the waste producers to look into alternative materials to 
cement. The lack of natural resources required for cement manufacturing and the potential of 
generating high amounts of carbon emissions during its manufacturing are the main drawbacks 
of cement. In spite of it being an economical material, it is not sustainable due to the 
environmental problems it causes.
Several other binders have been used to partially replace PC. They have had both 
positive and negative effects on strength, setting time and hydration (Malviya and Chuadhary,
2006). While PC is still popular in S/S technology, some new systems have also been introduced 
where PC is combined with supplementary cementing materials to generate composite cement 
systems. The supplementary cementing materials include materials like ground-granulated 
blast-furnace slag (GGBS) and pulverised fuel ash (PFA). An advantageous lower heat of 
hydration and economic benefits are provided by these composite systems when compared to 
PC-only systems (Zhou et al., 2006). White cement, kiln dust, lime and silica fume are also used 
as binders in addition to cement (Malviya and Chaudhary et al., 2006).
The following section will first discuss the cement-based S/S process of EAFD treatment 
using alternative materials to cement followed by which physical/chemical characteristics are 
important and required to obtain high quality S/S products.
24
2.6.3 Pozzolanic Additives -  Puiverised Fuei Ash (PFA)
Some materials existing in nature or produced artificially may carry some pozzolanic 
characteristics. They are not cementitious on their own but their nature can be activated by 
adding lime, PC or other alkaline sources. PFA, silica fume and steel slag are among those 
materials that could be used as a binding agent in the S/S treatment of hazardous wastes. In the 
EWC, coal fly ash has been coded as 10 0102* (2002).
Known as fly ash in many countries, PFA is generated as a residual by-product from the 
combustion of coal in power stations (Sear, 1998). Two different types of fly ash are produced 
and classified as "C" or "F" depending on their chemical composition. The chemical composition 
of the fly ash generated is affected by the type of coal burned. Class F is generated from burning 
anthracite or bituminous coal, whereas class C is obtained by burning subbituminous coal and 
lignite. Class C is not as cementitious as Class F when in contact with water. Class F has both 
cementitious and pozzolanic properties when in contact with water due to its free lime content 
(Ismail et al., 2007). Fly ash has been widely used in the production of various building materials 
including PC. Hence, developing useful building materials from fly ash is an important key factor 
to reduce pollution and disposal of these industrial by-products. PFA has been widely used for 
the stabilisation of hazardous wastes (Conner, 1990) and in S/S technology as a replacement 
material for cement, mainly to reduce the cost of solidification.
Fly ashes form cementitious compounds only when in contact with water by combining 
with C-Hs. Calcium silicate and aluminate hydrates act as stabilising agents and are hence 
required for the immobilisation of heavy metals in the waste. The pozzolanic specifications of 
PFA help to form these hydrates that are required for immobilisation (Palomo et al., 1999; 
Palomo et al., 2004; Buchwald and Schulz, 2005; Srivastava et al., 2008). Pozzolanic reactions 
are slower than reactions occur during cement hydration. Calcium silicate and aluminate 
hydrates are formed to release lime when cement chemically comes in contact with water. 
Similar products are obtained from pozzolanic reactions except for the fact that pozzolanic 
materials consume the lime produced by hydration reactions of cement (Pollard et al., 1991).
Smith (1993) reported that the lower pH of PFA helps to reduce ammonia evolution 
from waste. Cote et al. (1987) mentioned that the use of PFA in S/S systems reduces the 
leaching potential of metals. Moreover, Poon and Perry (1987) found that PFA can reduce the 
alkalinity of the system and may cause an improvement in the immobilisation of metals like Zn 
compared to pure cement systems. However, the strength of PFA-based systems is much lower
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than cement-based ones (Peon et al., 2001). Contaminants can leach from PFA-based systems 
more easily than from the cement-based ones.
2.6.4 Hydrated lime (hllme)
Hlime is a fine white powder containing less than 2% residual moisture and is 
manufactured by reacting calcium oxide with water.
CaO + H2 0 = Ca(0 H)2+ heat ( eqn. 3.3)
It is widely used in many industrial applications but in the building sector it is used as a 
key binding and plasticising ingredient in mortars. A selection of the vast amount of publications 
concerning lime-blended mixtures in the S/S treatment of hazardous waste is summarised. 
Pereira et al. (2007) treated EAFD using fly ash cement and lime mix combinations. Salihoglu 
and Pinarli (2008) also applied lime/PC-based S/S and compared results with those of lime-based 
and PC-based S/S products. Ubbriaco et al. (2002) reported the S/S results achieved with the 
lime-pozzolan binder for the treatment of municipal solid waste incineration fly ashes. The 
majority of these studies guided the development of our strategy in terms of using hlime for the 
treatment of EAFD and generating performance data that can provide a more generic approach 
to this technique.
2.6.5 Steel slag
Steel-making slag has been used in a wide range of areas, especially in construction as an 
aggregate (Winterborn and Green, 1998). This study focuses on the use of steel slag in the S/S 
treatment of EAFD because of its cementitious properties. The mineral composition of steel slag 
varies due to its varied chemical composition. According to the literature, the common minerals 
found in steel slags are olivine ((Mg,Fe)2Si0 4 ), merwinite (Ca3Mg(Si0 4 )2), C3S, C2S, C4AF, C2F, free 
CaO and RO phase (FeO-MnO-CaO-MgO) (Young, 1995; Shi and Qian, 2000). Steel slag owes its 
cementitious properties to its C3S, C2S, C4AF and C2F content. A high MgO content in steel slag is 
mostly due to the dolomite (CaMg(CÜ3)2) used as a flux and to the MgO refractory used as the 
lining of the steel furnace (Shi, 2004). Steel slag is mostly used as a raw material in cement 
production and commercialised as steel slag cement. In China, 40% of the steel slag produced is 
used for this purpose. The product has good quality and is mainly used for general construction
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purposes and pavement applications (Shi and Qian, 2000). Due to the fact that it is a by-product 
of steel and to its ease of application, steel slag has been chosen as a potential cement 
replacement and binder for EAFD treatment through S/S in this particular study.
2.6.6 Low-Grade MgO (LGMgO)
LG MgO has been previously used in the S/S treatment of contaminated soils and EAFD. 
Although the results of the available studies are quite promising, there is very little work 
published in this particular area (Fernandez et al., 2003; Garcia et al., 2004).
This study aims to study the effectiveness of LGMgO as a stabilising agent for EAFD. 
LGMgO provides an alkali environment regardless of the amount of LGMgO used as a stabilizer. 
This helps to guarantee long-term stabilisation without varying the pH conditions. There are no 
significant differences in the pH values, regardless of the quantity of LGMgO employed in the 
range of 10-90% (Garcia et al., 2004). The use of MgO is advantageous due to its low solubility 
and high alkalinity specifications, where the pH may reach 10 to 12. Teringo (1987) stated that 
when MgO is used, pH goes to a maximum of 10, which helps to neutralise acids and precipitate 
metals. LGMgO has minimal environmental impact. LGMgO is preferred to pure MgO as the 
pure version is 8  to 10 times more expensive than the same grade of lime. Published literature is 
in agreement with this statement and confirms that a chemically reactive magnesium hydroxide 
(Mg(0 H)2) is more expensive than calcium hydroxide (Ca(0 H)2 -  hydrated lime (Chimenos et al.,
2003).
The use of LGMgO for the treatment of EAFD by S/S became apparent due to the fact 
that the steel industry produces slag that is quite high in MgO content. A literature survey 
identified only one technical note that has reported some interesting results on the use of 
LGMgO for the stabilisation of EAFD (Fernandez et al., 2003). The study looked at the chemical 
stabilisation of the waste as tested by the leaching test DIN 38414-S4 (Deustches Institut fur 
Normung, 1984) and a toxicity test. The stabilisation performance of EAFD by LGMgO was 
studied and promising results were achieved when compared to cement and lime. Solidification 
was not of interest to them in this particular case and hence no information regarding the 
physical properties of the final products in terms of setting time, unconfined compressive 
strength (UCS) and consistency were presented. With the amended EU legislation regarding the 
disposal of hazardous waste into landfill (as amended in 2005 with the inclusion of UK landfill 
WAC), and their compulsory treatment prior to disposal, it has become necessary not only to
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stabilise the waste, but also to attain some strength development and consistency if the waste is 
to be treated by S/S and disposed into a landfill environment.
2.7 Investigation of the Physical Characteristics
2.7.1 Porosity and Water/solid (w/s) ratio
The BD, MG and specific gravity of S/S products are important parameters to evaluate 
the dimensional changes, drying and changes to porosity. The heterogeneous nucléation and 
portlandite growth can be promoted if the porosity is high enough (Tasong et al., 1998). This 
leads to weak bonds in the paste interface and potential cracks, which, in turn, may result in pH 
decreases with high sensitivity of the sample to the acidic extraction fluid (Rao, 2003; Zampini 
and Shah, 1998). EAFD is a fine material and when it is incorporated into the mix, the porosity of 
the matrix is reduced. Due to the fine structure of EAFD, the uniformity, homogeneity and 
density of the matrix is increased and, most importantly, the porosity of the matrix is decreased 
which may result in an increase in the useful area.
The w/s ratio (solids include both waste and binders) is also an important parameter 
which should be considered carefully. The hydration reactions require water for being initiated. 
The water/cement ratios can range in between 0.25 and 1.0 and the fluidity can be increased by 
additional water but this could increase the porosity and the permeability of the hardened 
product (Glasser, 1997). A sufficient amount of water is required for the efficient and effective 
hydration of the binders where an excessive content of water could result in higher porosity and 
weaken mechanical performance (Fuessle and Taylor, 2004). It is known that the water/cement 
(w/c) ratio of PC pastes contribute to porosity as shown in the following formula (Roy and 
Scheetz, 1993):
Porosity = 0.61 + 0.23e'^/' (eqn. 2.1)
Cement is a porous material and in bulk paste, the pores are widely filled with fluid 
(Glasser, 1997). The pore water is the excess water that is not required or used for hydration. 
The alkali is concentrated in pore water, hence, it is mostly controlled by the cement alkalis and 
the pH value may go up to 13 or 14. If the w/s ratio is higher than what is required for 
hydration, then the pore water would be excessive and lead to alkali accumulation in it. This 
may result in very high pH values where the high hydroxyl concentration may consequently 
suppress the solubility of Ca. The amount of pore water is therefore important in controlling the 
rapid reactions between waste components and cement and also matrix diffusion 
characteristics. Alkalis are the most soluble constituents. The species existent in the alkaline
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solution may show three different classes of behaviour where they may be soluble in alkaline 
conditions, insoluble or amphoteric. The amphoteric species could be insoluble at near-neutral 
pH but become increasingly soluble when pH increases. If the species are properly precipitated, 
they become insoluble and the ones escaping precipitation are the only soluble ones. The 
decrease in pH in alkaline-treated samples could be explained by the carbon dioxide in the air 
that reacts with alkaline material to form carbonates. Moreover, calcium hydroxide in the lime- 
treated samples could also react with silica and aluminium in the waste to form calcium 
aluminium silicates (Stanforth et al., 2005).
The inorganic constituents of wastes interact with cement and pozzolans and the heavy 
metals that are present in the waste may be precipitated as hydroxides, sulphides, silicates, 
carbonates or phosphates in highly alkaline environments. There also may be some other 
chemical reactions which may affect the metals' behaviours. Complexation is such an 
interaction that could make the heavy metals unavailable for precipitation reactions (Conner, 
1990).
2.7.2 Strength Development
It is important to consider an S/S product with a reasonable compressive strength as it is 
assumed that higher compressive strength would provide better physical barriers that would 
eliminate/reduce the leaching depression risk of hazardous substances to the environment 
(Gailius et al., 2010). It is quite possible to achieve better S/S efficiency by the use of binding 
agents with a high specific surface area. Gailius et al. (2010) agreed that lower contaminant 
release is achieved by using binding agents with a higher specific surface area. The same 
conclusion was derived in the same study for the compressive strength values of the S/S 
products. Accordingly, S/S products with binding agents having a high specific surface area 
achieved relatively higher strength. This result attained by using the mix design of 40% fluid fly 
ash + 20% of classic fly ash + 10% cement + 30% hazardous waste.
The Ca/Si ratio is used to determine strength quality by the amount of C-S-H in the final 
product. The optimal Ca/Si ratio required for the best strength development is between 1.8 and 
2.0 (Glasser, 1997). Strength is related to the cement content of the paste and increases with 
higher cement content. It is important to select materials that carry cementitious properties 
that will lead to strength development as cement does.
The hydration products of clinker phases CgS and C3S are C-H - microcrystalline and C-S-H 
gel, also known as colloidal hydrous silicate gel. C-S-H is an amorphous, poorly crystalline
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product. C2S and C3S clinker phases and the reactions products (C-H and C-S-H) are most 
abundant in the cement paste. C-H has a weaker binding power than C-S-H. C-H competes with 
calcium silicate for water and it may shrink with time as water is lost, which may end up 
producing small voids that reduce the strength and increase the permeability of the final solid 
mass (Brouwers,2003).
2.7.3 Retardation/Acceleration Mechanisms
The retardation or inhibition of cement set is caused by certain classes of compounds 
and it is important to understand these mechanisms to identify potential interfering substances. 
There are many organic and inorganic compounds that could be considered as set retardants. 
For example, the addition of only 0.1% in weight of sucrose can retard cement set by 10 hours 
(Taylor, 1990). The retardation or inhibition terms are used to describe the mechanisms that 
slow cement set but do not necessarily affect the strength of the fully cured product.
Cement set accelerators are used to increase the concrete's early strength development 
and/or to shorten the setting time. Soluble chlorides, carbonates, silicates, fluosilicates and 
some organic compounds such as triethanolaemine are some of the chemical compositions that 
could be considered as set accelerators. The cement paste hydration may be accelerated to 
promote the formation of C-S-H and C-H nuclei by increasing the dissolution of calcium cations 
and anions from cement (Taylor, 1990). The main reason for the quick setting of cement paste is 
the formation of calcium aluminate hydrates (C-A-H). A large quantity of C-A-H phase restricts 
the particles' movement by connecting them together and hence results in the accelerated 
setting of the paste (Xu and Stark, 2005).
The cement chemistry and waste form structure could be affected by high waste 
loadings but this does not necessarily mean failure in strength. The main aim of the laboratory 
work is to determine the waste loading at which interference effects could arise. Waste forms 
do not require as good strength as structural concrete; minimal strength will do for the waste 
forms. However, it is important to keep in mind that the interference effects could cause severe 
retardation that may result in incomplete immobilisation or unacceptable form for the treated 
waste. Chemical attacks such as sulphates may deteriorate cementitious waste forms, which 
may adversely affect the physical form of the treated waste.
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2.8 investigation of Chemical Characteristics
Waste stabilisation is defined as the chemical process where the waste encapsulation is 
physical. Hence, in addition to the physical properties mentioned earlier, waste materials are 
characterised by their ability to resist chemical attack. Lime does not provide any structural 
strength to the product the way cement does by taking its place in the lattice structure. Acidic 
leaching allows determining the ability of binders to retain pollutants. Various leaching tests are 
used in the literature to evaluate the behaviour of S/S products when disposed of in landfill 
where they are in contact with various conditions (e.g., acid rain, C0 2 -aggressive water). 
Dynamic leaching tests are preferred widely in the literature as they provide information on the 
long-term leaching behaviour of the S/S products (Stegemann and Cote, 1988; van der Sloot, 
1990; Vails and Vazquez, 2002; Todorovic et al., 2003; Malviya and Chaudhary, 2004; Dijkstra et 
al., 2006).
2.8.1 Waste Encapsulation
Heavy metals are inorganic elements that cannot be destroyed but can be transformed 
into less soluble or leachable forms to immobilise their migration into the environment when 
disposed of in landfill. Encapsulation is a process by which waste particles are surrounded with a 
layer that inhibits the leaching of the hazardous materials by decreasing permeability. 
Significant reductions in the mobility of toxic materials can be provided by various binder/PC 
combinations that lower permeability and hence the solubility of toxic materials by raising the 
pH of the waste materials.
Encapsulation technologies are mainly based on the solidification process where the 
metals' surface exposure to leaching media is reduced by physically entrapping the materials 
into solid blocks. Indeed, encapsulation technologies include both solidification and chemical 
stabilisation through precipitation, adsorption or other potential interactions. Micro­
encapsulation and macro-encapsulation are the two methods used for the encapsulation of 
hazardous waste materials. The waste is mixed with the encasing materials before solidification 
occurs in the micro-encapsulation process whereas in macro-encapsulation the encasing 
material is poured over and around the waste to confine it into a solidified block. Singh et al. 
(1998) and Mattus (1998) demonstrated the combined use of these processes where the 
contaminated material was mixed with the encasing material and poured into a solid block to 
solidify. PC and PFA are commonly used as stabilising agents in the fixation of metals present in
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the waste by using the conventional S/S methods. The solubility and leachability of most metals 
are prevented by forming an impermeable, solid waste form at high pH values {> 10). Some 
metals can easily be stabilised through a cement-based process by forming low-solubility 
hydroxide solids. The precipitation of many metals as hydroxides, hydrous oxides or carbonates 
is caused by the high pH of a cement-based solid matrix. The presence of C-H and alkalis in the 
paste pore solution is the main factor in the precipitation and immobilises the metal hydroxides 
when it reaches minimum solubility at high pH levels (Bonen and Sarker, 1994). Moreover, in 
cement-based processes, arsenic (As) and hexavalent chromium (Cr(VI)) stabilisation is difficult 
as they form anionic species that are soluble at high pH values where most of the metals can be 
fixed (Randall and Chattopadhyay, 2004). Therefore, significant work has been undertaken to 
find alternative encapsulation materials that can be used in the fixation of all sorts of metals that 
exist in the waste. As mentioned by Randall and Chattopadhyay (2004), different techniques 
were used to improve the long-term stability of hazardous waste including sulphur polymer 
stabilization/solidification (SPSS), chemically bonded phosphate ceramic (CBPC) encapsulation, 
and polyethylene encapsulation. Moreover, many other binding agents have also been widely 
tested to be used in the S/S treatment of hazardous waste.
Several patents were developed on the encapsulation of hazardous materials and/or 
nuclear waste, including heavy metals such as As, Hg, Ni and Cr (Rieser and Christenson, 1994; 
Rechichi, 2002). The method developed by Rechichi (2002) includes mixing the hazardous waste 
material with a settable composition (cement composition containing calcium carbonate and a 
caustic magnesium oxide) to form slurry to encapsulate the waste material. The results achieved 
by this patent concluded that tests showed no leaching of materials (Rechichi, 2002).
2.8.2 pH Control and Contaminant Release
Minimum solubility of metal hydroxides is achieved at a pH range of 7.5 to 11, which is 
an alkaline environment. However, some hydroxides formed with transition metals show 
amphoteric characteristics where they can be soluble at both low and high pH. It is impossible 
to achieve a reasonable pH value where all the metals are contained easily. Unfortunately, 
metals which carry amphoteric characteristics are mostly those which are the most problematic 
and toxic to the environment (Conner 1990,1993). Contaminant release cannot be understood 
through chemical interactions and chemical analyses of the hydrated paste or even though 
micro-structural investigations. It is also important to understand how long it would resist to 
leaching fluids that would affect the durability of the solidified waste forms. Hence, leaching
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tests play a major role in investigating the long-term effect of this interaction with leaching fluid. 
Unfortunately, according to the literature, a wide range of parameters and methods have been 
applied to treat various hazardous wastes and hence it is difficult to generate a rule about 
leaching mechanisms which could be applied worldwide in the testing of the leaching potential 
of solidified waste forms.
2.9 Investigation of Leaching Mechanisms
2.9.1 Introduction
Leaching tests are the most important part of the analytical and testing methods. They 
are based on the extraction processes and mostly represent the release potential of the 
contaminants to the environment (Kosson et al., 2002). Leaching results are mostly inter-related 
with the pH of the leachate and solubility curves were used for comparison purposes by many 
researchers who have investigated leaching tests (Fuessle and Taylor, 2004). Accordingly, some 
investigators achieved comparable results (Andres and Irabien, 1994a) whereas others achieved 
even lower results when compared to solubility curves (Bishop, 1988; Conner, 1993). Different 
leaching tests, mix designs and leachant composition used can explain this variation in results 
(Cheng and Bishop, 1992; Trussell and Batchelor, 1996).
Leaching can be defined as the release of inorganic matter, organic matter or 
radionuclides from solid materials into water resources. Another definition of leaching is 
provided by Poon (1989) as the process by which a leachant (demineralised water) is used as a 
passage where a waste component is removed mechanically or chemically into the leachate. 
Mineral dissolution, desorption, complexation processes as affected by pH, redox, dissolved 
organic matter and biological activities are considered as the main reasons for leaching (van der 
Sloot, 1997a,b). The porosity of the material considered is the main indicator of the leaching 
potential of the components and it determines whether the components leach from the surface 
or the interior when in contact with water.
There is a vast variety of leaching tests applied worldwide to test the leaching potential 
of contaminants in solidified waste forms when in contact with a leachant. This variation is 
mainly linked to the different physical and chemical factors to be analysed and the international 
and national release threshold values imposed by governments, national or international 
authorities and related legislation and guidelines. There are many factors that influence the 
leaching characteristics of contaminants and it is therefore impossible to test all parameters in 
one test.
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The leaching characteristics of waste materials are usually tested by using methods 
which are standard in the USA, namely, TCLP (Toxicity Characteristic Leaching Procedure (USEPA 
Method 1311, 1986) and Synthetic Precipitation Leaching Procedure SPLP (USEPA Method 1312, 
1994). Neither of these methods is currently in use in the UK. Similar work is undertaken in the 
UK to deal with a waste that is produced and treated within the UK. Hence the leaching 
methods and protocols followed in this study are mainly UK-based. Two different leaching tests 
were carried out in order to comply with the UK landfill WAC, namely, the diffusion (monolith) 
test and the granular leaching test. In the monolithic leaching test, it is assumed that the 
material remains in the monolithic form and considered to match the real-world application as 
they are more likely to simulate a landfill environment. Dynamic leaching tests specify a 
controlled contact time with renewal of the leachant. The leachant is not agitated and remains 
stationary. The leachant renewal maintains a driving force for leaching. In the granular leaching 
test, the samples are ground into fine particles where the waste materials are used to attack the 
solidified waste. This is considered to represent the worst case scenario that might happen in a 
hazardous waste landfill site. A more detailed description of these tests is presented in the 
subsequent section.
2.9.2 Monolithic Leaching
The tank test is relevant for monolithic materials or materials that behave as monoliths. 
It is possible with this test to determine the differences between solubility control and dynamic 
leaching. Moreover, it allows selecting the surface wash off impacts and a quantification of 
release elements. A projection for long-term performance is also possible with the results 
achieved (Dijkstra et al., 2006). This test aims to assess the mass transfer rates in monolithic 
materials. When water is diverted to flow around a relatively impermeable material, the release 
rate of material constituents can be assessed through this test.
A well-established monolithic leaching test is the EA NEN 7375:2004 (Environment 
Agency, 2004), also known as the tank leaching test, where a monolithic specimen is placed in a 
tank with a dedicated amount of water with leachant renewal over a period of time. This allows 
the examiner to test the cumulative release of contaminants over time by analysing the leachate 
fluids. The cumulative release curve is plotted over time to demonstrate the release potential of 
contaminants. In the monolithic leaching test, the measured and derived cumulative leaching of 
a component is determined. The proposed UK landfill monWAC for the leachability of 
monolithic wastes is listed in Table 2.6.
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2.9.2.1 Diffusion Test for Assessing Leaching Properties of S/S Products as a Monolith
It is crucial to investigate the leaching behaviour of S/S products for a long-term 
assessment prior to landfill disposal. The extent of leaching depends on the initial contact of the 
product surface with the leachant. The chemical reactions amongst the waste particles are 
responsible for the leaching of waste constituents in solid form. These waste constituents are 
transported via the fluid moving through the solid particles. The solubility of waste constituents 
play a major role at this stage of the process as the high soluble constituents would easily be 
transported from the solid structure into the transport medium (Sabbas et al., 2003).
When conducting this test, it is possible to determine if the matrix is dissolving and 
determine whether the leaching is diffusion-controlled or any other mechanisms exist and 
contribute to it. Concentration factors and related slopes calculations are used to determine 
which leaching mechanisms are involved in the release of different components from the test 
piece. The slope is exactly 0.5 with fully diffusion controlled leaching. Table 2.7 is adapted from 
the standard method EA NEN 7375:2004 followed when conducting this experiment and deals 
with the determination of which leaching mechanisms are involved (Environment Agency, 2004).
Table 2.6 Proposed UK landfill monWAC for the leachability of monolithic wastes*
WAC limits (mg/m^ )
Cd Cr P3 Zn Mo As
4d 64 d 4d 64 d 4d 64 d 4d 64 d 4d 64 d 4d 64 d
0.25 1 .0 6.25 25 5 20 25 100 5 20 5 2 0
Co Cu S] Ni Ba Se
4d 64 d 4d 64 d 4d 64 d 4d 64 d 4d 64 d 4d 64 d
na na 15 60 0.625 2.5 3.75 15 37.5 150 1.25 5
* Landfill (England and Wales) Regulations, 2005
Table 2.7 Evaluation of Leaching Mechanisms
Increment a-b Slope, rc
<0.35 > 0.35 and < 0.65 > 0.65
Increment 2-7 Surface wash-off Diffusion Dissolution
Increment 5-8 Depletion Diffusion Dissolution
Increment 4-7 Depletion Diffusion Dissolution
Increment 3-6 Depletion Diffusion Dissolution
Increment 2-5 Depletion Diffusion Dissolution
Increment 1-4 Surface wash-off Diffusion Delayed diffusion or dissolution
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2.9.3 Granular Leaching Test
Different leaching tests are mainly used to characterise the environmental behaviour of 
the contaminated materials. In the granular leaching test, contaminant transport by diffusion is 
more important than convection. This is a method used for the determination of inorganic 
leaching characteristics that exist in powder and granular materials. The method allows the 
researcher to determine the physical retardation and chemical retention factors which are the 
real conditions in practice. This test aims to identify the main mobilisation mechanisms by 
characterising the release dynamics of pollutants. Leaching tests are performed for the 
assessment of the environmental risk that the heavy metals leaching could cause. Hence, it is a 
requirement to estimate the short- and long-term leachability and leaching behaviour of 
components from a waste material. The infiltration of water through the waste layer is how 
leaching is caused from granular materials. If the waste is reused (e.g., if it is covered with an 
impermeable layer like asphalt) then the leaching could possibly occur due to the diffusion of 
contaminants. As the leaching tests are mainly performed to reflect the real field conditions, a 
liquid/solid (L/S) ratio of 10 is used as the waste material is subjected to a higher throughput of 
water (Wahlstrom, 1996).
2.10 Micro-structural Investigations
The crystalline phase characterisation of the solidified waste is conducted by using XRD 
where changes in the crystalline phases of the cement with and without any additives can be 
detected at 28 days of curing age (Wang and Vipulanandan, 2000). The information obtained via 
XRD analysis of the S/S products helps to obtain information regarding the immobilisation 
mechanisms and reactions occurring during an S/S process (Roy et al., 1991; Vipulanandan and 
Krishnan, 1993; Vipulanandan and Wang, 1997). The solid powder and dust is analysed directly 
by scanning electron microscope energy-dispersive X-ray spectroscopy (SEM-EDX) whereas the 
inductively coupled plasma optical emission spectrometry (ICP-OES) analysis is carried out after 
the solid is dissolved in an acid/deionised solution. The information on the sample composition 
is generally provided by SEM-EDX whereas ICP-OES is used for the determination of metals in 
liquid samples which are the leaching extract solutions. This instrument provides information 
with high precision and low detection limits and both trace elements and bulk elements can be 
determined during one run in one sample (Einhauser, 1997). EDX is not very precise compared 
to ICP-OES and the detection limits really depend on the matrix and its surface structure
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(Quevauviller et al., 1993). Today, a combination of SEM and EDX is widely used in material 
science laboratories. Analytical data and optical information by SEM can be obtained with this 
system. The most reliable and accurate data on the analysis of a sample can be enhanced by 
using both systems where SEM-EDX may provide first qualitative and then quantitative data and 
a precise quantification of the results could be validated by ICP-OES.
It could be possible to predict the leachability of solidified waste forms only by 
understanding the immobilisation mechanisms and the structure of the pores in the hydrate 
structure of the S/S process. The micro-structural role of pores could be visualised by electron 
microscopy where it is also possible to quantify the pore structure by SEM (Glasser, 1993; Lee, 
2004). It is a research interest to understand the physical/chemical characteristics of the micro­
structure and morphology of solidified waste forms. This information can be obtained with the 
use of SEM-EDX and it may also be possible to interpret the leaching effects of solidified waste 
forms. Lee (2004) achieved quite interesting results by this approach in analysing solidified 
waste forms where it was observed that no portlandite existed before leaching and no needle- 
shaped silicate crystal was identified. Portlandite and silicate crystals are important indicators 
as they are the main crystalline products in the hydration of cement. This was linked to the 
heavy metals, especially the existence of lead ions as it caused a retardation effect in the 
hydration of cement (Lee, 2004).
2.11 The Future of S/S Products
The final S/S products can either be disposed of in landfill or reused in the construction 
industry as raw materials, depending on their structure and characteristics. Brehm et al. (2001) 
claim that although EAFD is classified as hazardous waste, it tends to become an inert material if 
added to a pavement block, thus, supporting the idea of using solidified/stabilised waste in the 
construction industry. Although the re-use of waste materials is economically cost-effective and 
environmentally friendly, it should be undertaken very carefully and all the necessary risk 
assessments should be performed in order to prevent any misuse of this technology (Méhu et 
al., 1994). S/S products have to meet the required specifications of the regulatory control 
protocols. As mentioned earlier, necessary tests (physical and chemical) have to be undertaken 
to control and prevent any potential releases of toxic compounds into the environment. 
Leaching tests are widely used to validate that the final products meet the requirements (van 
der Sloot et al., 1997a,b). The reduction in the short- and long-term leaching of the waste is a 
preliminary factor to determine if a particular cement-based S/S process is effective in treating a
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given type of waste. If the results are promising then there is a possibility of using these 
products in selected civil construction with some degree of confidence.
2.12 Summary
Recent amendments in legislation in Europe have had a direct and significant impact on 
waste management practices in the UK. The classification of waste was differentiated where 
classes of landfill were modified, including the prohibition on co-disposal of biodegradable and 
inorganic wastes. The requirement to treat waste prior to landfill was derived as a result of 
amendments in legislation and directives.
S/S treatment of hazardous waste prior to landfill disposal is an accepted technology 
throughout the USA, Europe and elsewhere in the world. It is important to characterise the 
waste streams and conduct relevant treatability trials before considering the waste for 
treatment. According to the UK Landfill Regulation provisions, if the treated waste meet the 
WAC, it might be possible to deposit the treated waste into non-hazardous landfills but not in 
the same cell as biodegradable waste. Stabilised treated waste may be considered for reuse in 
the construction industry as an engineering fill if the required quality of the S/S products is 
achieved.
The following chapter will focus on the materials and methodology that were used in the 
experimental programme of this study.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL METHODOLOGY
3.1 Introduction
This chapter intends to (1) give a detailed description of the materials used in this study, 
(2) introduce the different chemical and physical testing methods and protocols followed, (3) 
illustrate the analytical techniques used throughout the experimental programme, (4) introduce 
aspects of quality assurance and statistical analysis undertaken and finally (5) introduce the 
experimental strategy followed.
3.2 Materials
3.2.1 EAFD Waste Material
3.2.1.1 Characterisation of as-received EAFD Waste Material
The waste used in this study was supplied by Tata Steel Europe (formerly, CORUS). A 
batch of sample was collected from the site of Aldwarke in Rotherham, South Yorkshire in 
December 2007. Table 3.1(a) illustrates the typical chemical composition of EAFD for samples 
collected in December 2007.
The hazardous components of the batch in discussion are lead oxide (PbO) at a 
concentration of 3.09% (exceeding the limit of 0.25%), and zinc oxide (ZnO) at a concentration of 
16.08% (above the limit of 0.25%). The concentration of PbO renders the waste hazardous (H5 
Harmful, HIO Toxic for Reproduction and H14 Ecotoxic) and the concentration of ZnO also 
renders the waste ecotoxic (H14). According to the Environment Agency Technical Guidance 
WM2, this sample of EAFD is to be considered as hazardous (Environment Agency, 2008). This 
also involves looking at the risk phrases associated with each waste component, and comparing 
the composition with threshold values.
The chemical composition of EAFD is greatly varied from one batch to another. For 
instance, in this study variations were observed in the compounds taken from two different 
batches of waste generated at different period of time. Zn content was almost 25% in one 
sample where it was around 16% in the other. The same variation was observed for Fe and Zn 
composition of the samples. It is also important to mention that if the waste from a same batch 
is not homogenised by mixing before testing it may show variations in the chemical composition 
analysis. Due to the very fine structure of the waste it is not practically possible to mix the waste
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as-received before testing. Hence, some variations are expected between analyses as the 
composition of the waste only demonstrates a range and not an exact composition percentage.
In order to show the variations between the samples collected at different collection 
periods a basic characterisation of the waste performed on 30 samples taken throughout May 
2006. Moreover, 6 more samples were collected from another site of the company located in 
Stocksbridge. This sampling is necessary due to the fact that dust composition is known to differ 
between the two sites. Each sample was analysed using ICP-MS at the company's facilities. This 
work highlighted the variability of the dust composition. The results obtained are reported in 
Appendix C. According to Environment Agency Technical Guidance WM2, all 36 samples are to 
be considered as hazardous. The hazardous properties are the concentration of lead oxide equal 
to 3.3% (exceeding the limit of 0.25%), and the concentration of ZnO equal to 43.7% (above the 
limit of 0.25%). The concentration of PbO renders the waste hazardous by H5 Harmful, HIO 
Toxic for Reproduction and H14 Ecotoxic, and the concentration of ZnO also renders the waste 
ecotoxic, H14.
Table 3.1a Typical chemical composition of EAFD
Component (%)* (%)**
CdO - Cd -0.00
CaO 7.15 Ca- 4.05
Cr - 0.82
Cu - 0.15
m 3.0^ ^b-0 .9d
Ni - 0.06
ZnO 16.0^ Zn-5.68|
AizO3 0.52 AI-0 .5 0
Fe 50.75 -
SiOz 1.71 Si -1 .6 4
MgO 2.32 Mg —1.67
MnO 3.34 Mn — 2.46
MoO3 - Mo - 0.05
P2O5 <0 .0 1 -
BaO - Ba - 0.02
KzO 0.57 K -0.35
Na - 0.39
TiOz 0.067 T i-0 .05
VzOs - V -0 .0 1
Sb - 0 .0 0
* December 2007 (Tata Steel Europe); **  ICP-MS by I CL; ICP-AES by RHUL
During a previous characterisation study carried out by Tata Steel Europe from 26^ '^  April 
2004 for a period of one month, the composition of EAFD was determined by ICP-MS and the 
leachability of one sample was evaluated according to both EN 12457-3 and EN 12457-2. The
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dust composition showed a high variability (ZnO 19.82-40.96%, and Fe2Ü3 33.98-50.18%), while 
the leaching test showed similar results regardless of the applied standard method. According 
to the granWAC required by the EU Landfill Directive, the leaching tests indicated that the 
release of Pb and Mo is above the limits stated for disposal of wastes in hazardous landfills.
The ANC characteristics of as-received EAFD used in this study was investigated and the 
results are shown in Figure 3.1. Accordingly, EAFD has a reasonably good buffering capacity as it 
resists acid attacks. EAFD lost its alkalinity and had pH values less than 6 when 7 meq/g or more 
acid was incorporated into the mixture.
pH
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Figure 3.1 ANC Results of as-received EAFD
A detailed analysis of eluates produced by leaching test (BS EN 12457-3) for the batch 
collected in December, 2007 is provided in Table 3.1(b) with limits. It was observed that Mo and 
Pb leaching rates exceeded the limits and hence this waste has to be treated prior to landfill 
disposal (Environment Agency, 2005).
Table 3.1b EAFD - Results obtained from a sample subjected to EN 12457-3
Analyte EN 12457-3 (mg/kg)
Hazardous Waste 
Landfill Limit (mg/kg)
As 0.9 25
Ba 0.9 300
Cd 0 5.0
Cr 0 70
Cu 0.3 100
Mo 111.4 30
Ni 0 40
Pb 699.1 50
Se 0 7
Zn 4.36 20 0
Sb 0 5
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Iron oxides are the main components of this dust. However, considerable amount of 
volatile components (such as zinc, lead, cadmium and other metallic compounds) are also 
transferred into the dust during the melting of scrap metal. Hence, the mineralogical structure 
is composed of those elements gained during the production process of steel. Iron is present in 
EAFD except of franklinite mostly as magnetite where zinc is present as franklinite or franklinite 
with isomorphous substituted metals and zincite (Havlik et al., 2006).
In the literature few studies were undertaken to examine the mineralogy of EAFD. 
Accordingly, the presence of compounds such as franklinite, zincite, magnetite and quartz was 
observed by Havlik et al. (2006). Moreover, another study was conducted by Salihoglu and 
Pinarli (2008) where XRD analysis of EAFD showed the presence of magnetite (Fe304), hematite 
(FeiOs), zincite (ZnO), periclase (MgO), quartz (Si0 2 ) and calcite (CaCOs) phases. The abundance 
order of major phases present in the waste was only confirmed by XRD analysis.
There are few more researchers who investigated the XRD analysis of EAFD. The results 
are discussed briefly in this section to see what variations take place in the components in 
conjunction with the production process that affects the composition of EAFD. Fernandez et al. 
(2003) also conducted XRD analysis on their EAFD samples which was obtained from Spanish 
carbon steel industry. The results showed metal oxides such as franklinite (ZnFe2Û4), zincite 
(ZnO) and magnetite (Fe304) are formed by Fe and Zn content of the sample. In another study, 
zinc oxide (21.4%), zinc ferrite (25.8%), halides (sodium chloride (6 .6%) and potassium chloride 
(3.6%)) and lime (CaO-15.6%) are the major peaks found in the XRD pattern of the un reacted 
EAFD (Donald and Pickles, 1996). Dutra et al. (2006) investigated four major phases form the 
XRD pattern of as-received XRD. This includes franklinite (ZnFe2Ü4), magnetite (Fe3Ü4), zincite 
(ZnO), and quartz (Si0 2 ). Two EAFD samples were investigated by XRD to analyse the 
mineralogical components. Accordingly following phases were investigated: Franklinite 
(ZnFe204), magnetite (Fe304), magnesium-ferrite (MgFe204), chromite (FeCr204), manganese 
oxide (Mns0 4 ), periclase (MgO), quartz (5102), calcium-magnetite (Cao.15Fe2.85O4) and zincite 
(ZnO)are present in both samples (Machado et al., 2006a). Therefore, it may be concluded that 
the mineralogical structure of EAFD regardless of the production process and the production 
industry is quite similar with some slight differentiation. The quantitative analysis was not 
provided in all studies so it is difficult to say whether the amount of each component varies 
significantly amongst all wastes studied (however it is expected so).
in this particular study, the XRD powder diffraction analyses were undertaken on two 
samples of as-received EAF dust for comparison purposes only. These two samples were 
supplied from two different sampling batches of the same site of the company. First analysis of
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the sample was provided earlier in August, 2007 where the second one was supplied in 
December, 2007. The major constituents identified in the EAF dust (August, 2007) were zincite 
(ZnO) and spinel phases, chiefly franklinite (ZnFe204) and magnetite (FegO^ ), and a minor amount 
of lime (CaO). XRD of EAFD (August, 2007) was performed on powdered samples to determine 
their mineralogical composition at University of Surrey by a research assistant on a different 
equipment than the one used for the analysis of other specimens in this study. XRD patterns 
were recorded on a Philips X'Pert Pro diffractometer in the range of 15-45° 20 with a step size of
0.02° 20 for the analysis of EAFD that was supplied in August, 2007.
The XRD powder diffraction analysis of the second sample (December, 2007) that is used 
in this study is provided in Figure 3.2 and discussed as follow. No Rietveld analysis could be 
undertaken as no quantitative data could be produced. As can be seen from the diffractogram 
of EAFD provided in figure 3.2, the cubic phases magnesiochromite, franklinite, manganese 
oxide, manganoferrite are all isostructural. It is not possible to distinguish between them by this 
method; therefore it is not possible to model them by Rietveld refinement, so no results have 
been given for this material. It is not possible to clarify the reflection peaks of each component 
from the diffractogram provided as it is already mentioned the components are all isostructural 
and the peaks are all overlapped.
EAFD
O  4000 -
tAjP11 057 11 3431 - Step: 0.02 ® - Step time: 70,4 s 
Operations: Background 12.023,1.000 | Import 
®Manganochromlte, syn - MnCr204 - Cubic 
0Franklinite, syn - 2nFe204 - Cubic 
®M anganese Oxide - Mn304 - Cubic 
AjOandilite. syn - Mg2Ti04 - Cubic 
SPericlase. syn - MgO - Cubic 
Z Zincite. svn - ZnO - Hexaaonal
2-Theta - Scale
0Magnesioferrlte, disordered, syn - MgFe2+304 - Cubic
Figure 3.2 XRD patterns of investigated EAFD
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In table 3.2 the analysis of mineralogical components of EAFD are listed. When 
current research results are compared with the ones available in the literature, it is possible to 
conclude that all EAFD samples analysed amongst all different researches have zincite and 
franklinite as the two main phases.
Table 3.2 Analysis of Mineralogical Components -  EAFD 
Compound Name_________________ Formula_________ System
Zincite, syn ZnO Hexagonal
These cubic phases are all isostructural, none can be disproved.
Manganochromite, syn MnCr2Ü4 Cubic
Franklinite, syn ZnFe2Ü4 Cubic
Manganese Oxide Mn3Ü4 Cubic
Magnesioferrite, disordered, syn MgFe2+304 Cubic
This has peaks that overlap with cubic phases above
Periclase, syn MgO Cubic
The as-received EAFD was subjected to granular leaching test and the results are depicted in 
Figure 3.3a-c.
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Figure 3.3a Leaching potential of Pb, Cd, Se and Zn for as-received EAFD
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Figure 3.3c Leaching potential of Cr, Ni, Mo and As for as-received EAFD
Zn and Pb have amphoteric behaviour hence both were highly soluble and had higher 
leaching rates at both low and high pH values. Cu and Cr had significantly higher leaching rates 
when 10 meq/g acid is incorporated into the mix matrix.
3.2.2 Binders
3.2.2.1 Ordinary Portland cement (PC)
Cement has been widely used in the treatment of all sorts of wastes for decades. It is 
classified according to its specifications and there are five different types of cement that are 
widely used worldwide (Adaska et al., 1994; ASTM, 1989a).
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•  Type I "for use in general construction where the special properties specified for types II, 
III, IV and V are not required".
•  Type II or moderate heat-of-hardening cement, "for use in general concrete construction 
exposed to moderate sulphate action, or where moderate heat of hydration is 
required".
• Type III or high early-strength cement, "for use when high early strength is required".
• Type IV, or low-heat cement, "for use when a low heat of hydration is required".
• Type V or sulphate-resisting cement, "for use when high sulphate resistance is required". 
Although most types have similar specifications, some have identical names depending
on the country's standards. For instance, class 42.5 Portland cement has similar specifications 
but different names with type I and type II Portland cement in the ASTM (American Society for 
Testing and Materials) and PC in former British standards (British Standards, 2000). In this 
study, PC type I (CEMI) provided by Heidelberg cement (formerly, Castle cement, UK) was used. 
Type I cement is generally produced for general construction application. The chemical 
composition of PC is given in Table 3.3(a). Clinkers compounds by calculation are shown in 
Table 3.3(b), as provided by the supplier. The values are consistent with the literature as 
reviewed in Chapter 2 (Taylor, 1997).
Table 3.3 Chemical analysis of PC 
3.3(a) Chemical Composition 3.3(b) Clinker Compounds
Compound (%)* (%)** (% )*** Clinker compounds by calculation
CaO 61-67 63.78 Ca->5%‘ (%)
SiÜ2 17-24 20.33 Si->5%' C3 S 58.0
AI2O3 3-8 4.47 Al-2.36 C2 S 16.5
SO3 1-3 3.09 C3 A 8.5
Fe203 1-6 2.52 Fe-2.20 C4 AF 8.2
MgO 0.1-4 1.07 Mg-0.66
K2O+ Na20 G.5-1.5 0.81 K+Na-0.64
Cl - 0.03 -
Loss on ignition - 2.33
Non-detected - 1.57
Total - 1 0 0 .0 0
*  (Glasser, 1997); **Results obtained from Castle Cement (2007); * * *  ICP-MS by I CL; ICP-AES by RHUL; '> 5% = 
measurements determined by iCP-MS. The uncertainty is high on these measurements to have confidence in the 
results. The highest calibration standard used for Mg, Si, Ca, Fe is 1000 ng ml‘  ^(equivalent in the solid to 5 w t %) 
hence the > figure.
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3.2.2 2 Low-grade Magnesium Oxide (LGMgO)
LGMgO is a by-product of the calcination process of magnesite in a kiln at a temperature 
of 1100°C. It is produced and sold by a Spanish company called Magnesitas Navarras, S.A. 
When magnesite is heated up to 1100°C, magnesium oxide and carbon dioxide is produced by 
the thermal decomposition of magnesium carbonate as per the equation:
MgCOs ->  MgO + CO2 (gas) (eqn. 3.1)
LGMgO was used as a cement substitute in this study. It is necessary to mention that 
MgO can be classified as low grade only if the MgO content is no more than 65 to 70%. Pure 
(high grade) MgO contains up to 94 to 98% of dry weight MgO and the exposure limit is 10 
mg/m^. The MgO obtained shows a narrow range of reactivity and is titled 'hard-burned'. 
Moreover, there are two other products produced by the supplier, Liximag and Inertimag. 
Inertimag is mostly used for the treatment of contaminated soils whereas Liximag is preferred 
for the treatment of contaminated waters, residual solids and the stabilisation of heavy metals. 
Hence, the latter was used in this study. The typical chemical composition of LGMgO is 
illustrated in Table 3.4 below. The LGMgO obtained from the same provider was previously 
used in other studies. Its chemical composition is therefore provided for comparison purposes. 
Moreover, Tata Steel Europe the waste producer, conducted X-ray fluorescence (XRF) analysis 
for selected materials alongside the waste used in the study in 2010 and that includes LGMgO. 
The sample was dried, ground and analysed for oxides using XRF and sulphur by combustion 
analyser. As it is clearly understood from the chemical composition of LGMgO, the content is 
variable depending on the production process.
Table 3.4 Typical chemical composition of LGMgO
Compound {%Ÿ (% )' (%Ÿ (%Ÿ (%Ÿ
CaO 1 0 .5 3 9.80 4 .5 9.30 Ca-3.85
Si02 7.50 3.09 2 .0 3.15 Si-1.45
AI2O3 1 .2 0 0.38 - 0.54 AI-1.75
MgO 76.40 65.34 42.9 66.95 >5%'
SO3 - 4.14 - 2.67 -
FG2O3 3.12 2.45 1.6 2.77 Fe-1.84
K+Na - - - - 0.23
Mn - - - - 0 .1 1
^Navarro et al., 2006; ^Magnesites Navarras, 2008; ^Fernandez et al., 2003; ^ a ta  Steel Europe, 2010 ;  ^
ICP-MS by ICL; ICP-AES by RHUL; '> 5% = measurements determined by ICP-MS. The uncertainty is high on 
these measurements to have confidence in the results. The highest calibration standard used for Mg, Si, 
Ca, Fe is 1000 ng/ml (equivalent in the solid to 5 wt %) hence the > figure.
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3.2.23 Pulverised Fuel Ash (PFA)
PFA has been used widely for the stabilisation of hazardous wastes (Conner, 1990). It is 
commonly used in S/S technology as a replacement material for cement and is commonly known 
as 'fly ash' in many countries. It is a by-product of coal-fired power generation and has been 
used mainly to reduce the cost of solidification. In this study, PFA was selected as an alternative 
binder in order to demonstrate that the results are consistent with the literature and that the 
technique can be applied as a generic solution for waste treatment, regardless of the variation in 
the waste produced. The chemical composition of PFA (F type-ASTM C 618-89, amended in 
2012) is given in Table 3.5 (ASTM, 1989b). This product and its chemical analysis have been 
provided by United Kingdom Quality Ash Association (UKQAA).
Table 3.5 Chemical composition of PFA
Compound Composition (%)* (%)**
5102 45-51 Si->5%'
AI2O3 27-32 AI->5%‘
FG2O3 7-11 Fe-6.76
CaO 1-5 Ca-1.09
MgO 1-4 Mg-0.96
K2O 1-5 K-2.18
Na20 0.8-1.7 Na-0.70
Ti02 0.8-1.1 Ti-0.51
SO3 0.3-1.3 -
Cl 0.05-0.15 -
Ba - 0.09
* UKQAA, 2007; * * *  ICP-MS by ICL; ICP-AES by RHUL; '> 5% = measurements determined by ICP-MS. The 
uncertainty is high on these measurements to have confidence in the results. The highest calibration 
standard used for Mg, Si, Ca, Fe is 1000 ng ml'^ (equivalent in the solid to 5 wt %) hence the > figure.
3.2.2.4 Hydrated lime (hlime)
Lime is one of the commonly used solidifying agents in the S/S process. The addition of 
hlime may help increase the Ca^  ^and OH" ion concentration, which produces a better and faster 
hydration of PC. The use of lime-pozzolan binders can be quite helpful in reducing the product 
cost by using less cement. The écologie profile of the material is improved with equivalent 
strength and durability performance with the usage of alternative lime-pozzolan materials 
instead of cement. Lime has some clear benefit on the quality of the mix. It has very fine 
particles which, during mixing, can occupy the empty spaces which cement particles cannot. 
Thus, it helps decrease or limits the flow of water and increases water retention in the fresh mix
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(Middendorf et al., 2005). There are many different types of lime (e.g., hlime Ca(0 H)2 and 
quicklime (CaO)) being produced worldwide. Hlime produced from limestone by calcination and 
hydration of the quicklime has been used in this study. It is mainly composed of Ca(0 H)2 and 
CaCOs and Table 3.6 lists its typical chemical components. The hlime (BS EN 459-1:2001) was 
provided by Heidelberg Cement, UK.
Table 3.6 Typical chemical composition of hlime
Compound (%)* (%)**
CaO 10 .2 Ca - >5%'
Ca(0 H)2 57.6
AI2O3 0.05 AI -  0.03
CaCÜ3 23.6
FezOg 0 .2 Fe -  0.44
M g (0 H )2 3.2 M g -0 .15
Sr(0 H)2 0 .0 2 -
Insoluble 0.32 -
Si - 0 .2 0
* Marruzzo et al., 2001; * *  ICP-MS by ICL; ICP-AES by RHUL; '> 5% = measurements determined by ICP-MS. 
The uncertainty is high on these measurements to have confidence in the results. The highest calibration 
standard used for Mg, Si, Ca, Fe is 1000 ng ml'^ (equivalent in the solid to 5 wt %) hence the > figure.
3.2.2.B Steel slag
Steel slag is an industrial waste generated by electric arc furnace mills by re-melting 
scrap steel. Steel slag can be used as a cement replacement material due its cementitious 
and/or pozzolanic properties. It contains a high proportion of MgO and CaO where both can go 
into reaction with water. This chemical property of slag is significant as hydration causes volume 
expansion and affects the stability of volume (Van et al., 2000). This study used steel slag 
provided by Tata Steel Europe and its typical chemical composition is given in Table 3.7. Steel 
slag contains a little amount of Pb and Zn since it is a by-product of steel manufacturing industry. 
However, according to the Environment Agency Technical Guidance WM2, this material cannot 
be classified as hazardous since both Pb and Zn are less than 0.25% limit.
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Table 3.7 Chemical composition range of steel slag
Compound (%)* (%)** (% )***
CaO 29.36 17.24 Ca->5%
SiOz 0.19 14.66 Si- >5%
AizOs 9.73 9.7 AI-4.35
FeO 31.37 24.89 Fe->5%
MgO 20.57 21.61 Mg->5%
MnO 5.05 2.69 Mn-1.92
S - 0.27 -
P 0.38 0 .1 2 -
TiOz - 0.23 Ti-0.13
Cr - - 0.50
Zn 0.08 - 0 .1 1
Pb - - 0 .1 0
K - - 0.19
Na - - 0.07
Ni - - 0.05
Cu - - 0.04
Mo - - 0 .0 2
Ba - - 0 .0 2
* Ia ta  Steel Europe, 2007: This is taken from a waste characterisation analysis. Therefore, it is not definitive and 
several assumptions have been made as to the compounds that the elements are present as. No XFR has been carried 
out. **Tata Steel Europe, 2010: Spéciation analysis was carried out by XRF. * * *  ICP-MS by ICL; ICP-AES by RHUL; '> 
5% = measurements determined by ICP-MS. The uncertainty is high on these measurements to have 
confidence in the results. The highest calibration standard used for Mg, Si, Ca, Fe is 1000 ng ml'^ 
(equivalent in the solid to 5 wt %) hence the > figure.
3.3 Chemical Reagents
The trace metals analysis was conducted by inductively coupled plasma optical emission 
spectrometry (ICP-OES) using ICP standard metal solutions. Single element standard stock 
solution 1000 ppm in 1 M nitric acid was used for each metal, namely. Mo, Cd, Cr, Co, Cu, Pb, Se, 
Ni, Zn, Ba and Y, where a single element standard stock solution in 1 M hydrochloric acid was 
used for Sb and As standard solution preparation. Standard stock solutions were ail supplied by 
Fischer Scientific, UK. Nitric acid standard solutions for volumetric analysis, 1 M, and standard 
solutions for laboratory analysis, 2 M, supplied by Fischer Scientific, UK were used in ANC 
samples preparation. pH measurements and hence calibrations were undertaken using certified, 
colour-coded buffer solutions with a tight tolerance: iO.OlpH for pH 4 and 7 buffers, ±0.02pH for 
pH 10 buffers (5) 25°C. pH buffer solutions and standard metal solutions were supplied by Fisher 
Scientific, UK.
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In this study, deionised w ater was used throughout the experim ental program m e fo r the  
preparation o f solutions/samples. An ELGA-Purelab Option-R w ater purification system was 
used fo r the deionisation of tap  w ater. Deionised w ater is used to  prevent any possible reaction  
of ions w ith the chemicals in the binders, the  EAFD and the cem ent. All materials prepared and 
used in this study w ere oven-dried at 60°C and ground before being used to  produce S/S 
products and before undertaking tests to  produce a final product in a homogeneous form . This 
procedure was carried out using an oven, a domestic kitchen mixer and an ASTM N o.100 (150  
pm) sieve.
3.4. Standard Methods for Physical and Chemical Characterisation
3.4.1 Mixing and Consistency determination
The samples w ere mixed following the procedure, described in BS EN 196-1:2005 (British 
Standards, 2005a) using a kitchen mixer, a Kenwood Chef w ith 1000 W  pow er, equipped w ith  a 
stainless steel bowl and a plastic lid to  avoid spillage (Figure 3.4a). In order to  obtain a 
homogenous blend, first the binders w ere added into the bowl and mixed w ith the  waste fo r 2 
minutes. Im m ediately after, the side surface o f the bowl was scraped clean o f dry pow der 
residues with the help o f a spatula and all deionised w ater was added into the m ixture in 30  
seconds. The mixing process was continued for 4 m ore minutes in accordance w ith  BS EN 196- 
1:2005 in order to obtain a grout. A fter that, the  consistency o f each mix was m easured using a 
flow  table and applying 15 jolts as adapted from  BS EN 1015-3 :1999  for the determ ination  of 
consistency of fresh m ortar (Figure 3.4b) (British Standards, 1999), in order to  evaluate the level 
of workability of each mix design.
Figure 3.4 Kenwood Chef mixer (a); Flow table with mould (b)
51
3.4.2 Moulding and de-moulding
The specimens w ere moulded and de-m oulded following the standard m ethod BS EN 
196-1:2005 (British Standards, 2005a). The prepared m ixture was poured into a plastic mould of 
5x5x5 cm and was vibrated using the vibration table fo r duration of 2 minutes to  rem ove any 
trapped air (Figure 3.5a). The samples w ere covered w ith a dam p cloth and placed into sealed 
polyethylene bags in order to prevent any possible carbonation of the cem entitious matrix  
during the curing period by maintaining a high hum idity environm ent (Figure 3.5b). De­
moulding was carried out betw een 20 and 24 hours a fter the moulding of the samples which 
w ere tested at ages greater than 24 hours, w ithout damaging the specimens. The specimens 
w ere then held in the hum idity room (at a tem perature  o f 20±2°C  and 95% hum idity) for at least 
27 more days before DCS, ANC and leaching tests w ere perform ed.
Samples
Figure 3.5 Vibrating table and moulds (a); Samples in the humidity room (b)
3.4.3 Unconfined Compressive Strength (UCS) and Water Immersion (Wl)
UCS samples w ere prepared following the procedure described in section 3 .4 .2 . A fter 
the  appropriate curing period, the samples w ere ready fo r UCS testing. How ever, before testing  
the samples, the dimensions and weight of each cube w ere recorded for subsequent BD 
calculations (see figure 3.6  fo r typical prepared cube samples).
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Figure 3.6 Prepared cube samples before UCS testing
The UCS of cured samples was measured using tw o  different machines depending on the  
strength of the specimens. If the specimens w ere strong enough (>2 M Pa), a Parnell 
compression testing machine was used. For samples whose strength was <2 MPa, the Instron 
1122 (Tensile strength tester) w ith a digital m u lti-m eter, HP 344 010, was used (Figure 3 .7  (a) 
and (b), respectively). UCS m easurem ents w ere perform ed following the standard m ethod: 
M ethods of testing cem ent - Part 1: D eterm ination o f strength, BS EN 196-1 :2005  (British 
Standards, 2005a). This was mainly determ ined by hand w here soft samples w ere forw arded to  
the Instron instrum ent assuming the strength was low er than 2 MPa.
Figure 3.7 Farnell compression strength tester (a); Instron 1122-Tensile strength tester (b)
To detect any change in the UCS th a t may indicate instability of the  m atrix physical 
integrity, the 28-day UCS after immersion was determ ined (Stegemann and Zhou, 2009). The 
samples w ere cured for 21 days as described above in section 3.4.2 and then im m ersed in w a te r  
for 7 days in a container filled w ith w ater and sealed to  prevent any contact w ith  air. They w ere  
then removed from  the w ater, surface dried w ith  a tissue, and tested to failure.
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3.4.4 Bulk Density (BD)
BD is defined as the weight per unit volume of material. It is used as a measure of 
volumetric water content and porosity. The dimensional measurements were done using a 
Clarke CM 145 Digital Vernier Caliper. BD was then calculated using the following formula:
weight , ,
BD = — ;  ing/cm eqn. 3.2)
volume
3.4.5 Moisture content (MG)
After UCS testing, water content was determined by drying the specimen in an oven at 
60°C to constant weight and storing it in a dessicator for 1 hour at room temperature. The 
water percentage with respect to the initial wet weight was determined simply by comparing 
the weight of the samples before and after drying in the oven and storing at room temperature. 
For MC measurements, only one specimen out of each triplicate was chosen as representative. 
The water content of the samples was calculated using the following formula:
MC (% wet wt.) = (initial w eight-fm ^ weight) ^
initial weight
3.4.6 Setting Time
The grout was mixed following the same procedure described in section 3.4.1. Setting 
time was tested following the standard methods of testing cement - Part 3: Determination of 
setting times and soundness, BS EN 196-3 (British Standards, 2005b) at 20±2°C and a relative 
humidity no less than 50%. The initial and final setting times of the specimens were measured 
using a manual Vicat apparatus, only changing its needle. One needle was used for initial set 
measurement and a needle fit with a ring attachment of a diameter of approximately 5 mm was 
used for the final setting time measurement. According to the WAC requirements the setting 
time limits were set to be within 2 and 8  hours for initial setting time and less than 24 hours for 
final. Figure 3.8 shows some samples prepared for setting time measurements.
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Figure 3.8 Representative samples prepared for measuring setting times 
3.4.7 Specific Gravity and Porosity
The samples w ere dried and stored at room tem perature  for 1 hour once they  w ere  
ready for grinding and sieving. According to  ASTM C 188-09 -  standard test m ethod fo r density 
of hydraulic cem ent, the samples have to  be grinded and sieved through a 150 pm sieve to  carry 
out the ANC and specific gravity tests (ASTM ,2009). Specific gravity is the ratio o f th e  unit 
w eight (or density) o f a substance to  the unit weight (or density) of w ater. To determ ine the  
specific gravity of cem ent. Industrial M ethylated  Spirits (IMS) which does not react w ith  cem ent 
is used. The density of IMS used was varied betw een 0 .791 -0 .793  g /c m \ The specific gravity 
determ ination of cem ent and o ther materials as received w ere undertaken by follow ing the  
procedure listed below:
1. W eigh a clean and dry bottle (50 m l), record the weigh
2. Place a sample of cem ent/m ateria l about 15-20 g and weight.
3. Add IMS to  cem ent in flask till it is about half full. M ix thoroughly. Continue mixing 
and add m ore IMS till it is flush w ith the graduated mark.
4. Dry outside and weigh
5. Empty the flask, clean it refills w ith clean IMS flush w ith the graduated m ark wipe  
dry the outside and weigh.
IMS (density) =
w e ig h t o f IM S ( g) 
------- (eqn. 3.4)
Specific gravity
s a m p le  (g )
5 0 - IMS(g)IMS density (g /cm ^)
in g /cm ' (eqn. 3.5)
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Porosity (P) is calculated from the values of BD, water content and specific gravity using 
the following equation:
Porosity (%) = ! - (eqn. 3.6)
S G ^D
where BD = bulk density (g/cm"*); WC = water content; SG = specific gravity (g/cm"*); D = density 
of water (1  g/cm^).
The specific gravity and porosity were not determined for the S/S products generated. 
Only the specific gravity of received materials was determined.
3.5 Leaching Test Methodologies
3.5.1 Acid Neutralisation Capacity (ANC) Testing
ANC is an important tool to test the buffering capacity of S/S products. Long-term 
material behaviour can be controlled by ANC as it maintains the physical integrity of the S/S 
matrix while it affects the metal's precipitation. The ANC procedure was followed according to 
akin CEN/TS 15364:2006 (BSI, 2006). 50 ml tubes were used for ANC testing where liquid-solid 
separation was achieved using a centrifuge. The specimens were cured either for 7 or 28 days 
and dried out in an oven at 60°C for 48 hours and stood 1 hour at room temperature. The drying 
of samples is a vital procedure as, if the moist samples are ground, there is an immediate 
formation of calcium carbonate that can alter the internal structure and fill pores with 
precipitate (Lange et al., 1996a, b). This process may occur naturally but it would take a longer 
period of time since carbon dioxide needs a long time to travel throughout the solid mass. The 
samples were then grounded and sieved to less than 150 pm before ANC testing. The ANC of S/S 
products was established using a three-point ANC test at 0, 1, and 2 meq/g acid additions using 
IN  HNO3. This test was then extended to 11 points of testing including 3, 5, 7, 8 ,10 ,12 ,14  and 
16 meq/g acid additions. A 5.0 g ± 0.2 of grinded and sieved sample was mixed with different 
ratios of deionised water and IN  or 2 N HNO3 based on the level of the acid (see schedule in 
Table 3.8).
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Table 3.8 ANC acid addition schedule
ANC test according to akin CEN/TS 15364:2006
HNO3
meq/g
Sample 
mass (g)
Volume H2O 
deionised (ml)
Volume HNO3 IN  
(ml)
Acid
concentration
(N)
0 5 50 0
1
1 5 45 5
2 5 40 10
3 5 35 15
5 5 25 25
7 5 15 35
8 5 10 40
10 5 0 50
HNO3
meq/g
Sample 
mass (g)
Volume H2O 
deionised (ml)
Volume HNO3 2N 
(ml)
Acid
concentration
(N)
12 5 20 30
214 5 15 35
16 5 10 40
N O TE: D e te rm in e  th e  pH values a t 0 , 2 and 8  m e q /g  a d d itio n  o f HNO3. if th e  pH value  fo r  8 m e q /g  is > 4 , d e te rm in e  
th e  fo llo w in g  po ints 10, 12, 14 , e tc . ( i.e ., increase th e  a d d itio n  by 2 m e q /g ). Th e  end o f th e  te s t w ill be  th e  o n e  
correspo nd in g  to  a pH v a lu e  < 4 . If th e  pH va lu e  fo r  8  m e q /g  is < 4 , d e te rm in e  th e  po ints  a t 1, 3 , 5 , and  7 m e q /g  
add ition s .
A few of the prepared ANC samples are shown in Figure 3.9. The tubes were sealed and 
agitated for 48 hours by using an orbital platform (IKA KS501 Digital), rotating at 250 cycles/min 
and subjected to centrifuge MSB Mistral 1000 at 6,000 rpm for 10 minutes. By using syringes 
and 0.45 pm syringe filters, the fluid was then extracted, filtered and poured into bottles. The 
fluid was then subjected to pH measurements using an Oaktan pH/CON 510 Benchtop 
pH/Conductivity/TDS meter with an electrode stand. The pH values were determined from a 
solid-to-liquid ratio of 1:10 water leaching test. The tested samples were labelled and stored in 
a refrigerator for metal analysis using an ICP-OES - Perkin Elmer Optima 5300 DV.
li f? J-l M  k
Figure 3.9 Representative samples prepared for ANC test
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3.5.2 Monolithic and Granular Leaching Tests
Two different leaching tests were performed in this study; the diffusion test (also known 
as the tank test) and the granular leaching test. It is a requirement of the current WAC to test 
the leaching properties of S/S products. The leaching properties of S/S products were analysed 
in the form of granular waste, akin-BS EN 12457-3 (British Standards, 2002). However, since the 
experimental conditions required for the granular waste leaching test are similar to the ANC 
test, the samples with 0  meq/g acid addition were selected for the analysis of contaminants in 
this case.
The diffusion test was carried out in accordance with the tank test EA NEN 7375:2004 
(Environment Agency, 2004). In this case, only samples with UCSzsdays higher than IMPa were 
considered. The samples cured for 28 days (50 mm cubes) were immersed in a tank filled with 
deionised water at a liquid-to-solid ratio equal to 4 L/kg. The leachate was collected at 8 
different times over a total period of 64 days and the tank was replenished each time with the 
same amount of leachant (Table 3.9). The amount of water used is calculated by using the 
following formula as defined in the standard method:
2*Vp<V<5*Vp (eqn. 3.7)
where V is the volume of leaching fluid in litres and Vp is the volume of test piece P in litres.
Table 3.9 Periods at which the tank must be replenished
* Adapted from EA NEN 7375:2004 (Environment Agency, 2004)
Period (n) Time (days)
1 0.25 ±10%
2 1±1 0%
3 2.25±10%
4 4±10%
5 9±10%
6 16±10%
7 36110%
8 64110%
The pH and conductivity determination was undertaken after filtering a 120 mL aliquot 
of leachate through a 0.45 pm syringe filter. The leachate samples were then stored for 
chemical analysis by ICP-OES for the determination of cumulative releases of the heavy metals of 
concern. The measured leaching of heavy metals per fraction (/=1, 2... N) was calculated 
according to the following formula:
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E * =  (eqn. 3.8)
J
where E* is the measured leaching (mg/m^) of a component in fraction /; q is the
concentration (pg/l) of the component in fraction /; V \s the volume (I) of eluate; A is the surface 
area (m )^ of the test specimen and /is  a conversion factor equal to 10 0 0  pg/mg.
Then, the measured cumulative leaching in each of the period n=l to N was calculated 
as follows:
= ^ E .  for n=l to N (eqn. 3.9)
Z=1
where £•* is the measured cumulative leaching (mg/m^) of a component during the period n
including fraction /=1 to n and N is the number of specified replenishment times (N = 8 ). The 
following formula was used to determine the derived cumulative leaching of a component:
for n=l to N (where i=n) (eqn. 3.10)
where is the derived cumulative leaching (mg/m^) of a component for period n including
fraction i=l to n and N is the number of specified replenishment times (A/ = 8 ); tj is the
replenishment time of fraction i and tj.i is the replenishment time of fraction i-1 . indicates
only the cumulative leaching up to and including period / on the basis of the measured leaching
up to and including period /. It is important to note that always includes the measured
leaching of previous periods since any deviations in a period (like wash-off effects) could affect 
the following periods, which may make interpretation difficult (Environment Agency, 2004). 
These values would help to determine whether the leaching is affected by diffusion, which is 
going to be discussed briefly below.
3.5.3 Diffusion Test for Assessing Leaching Properties of S/S Products as Monoliths
The UK Department for Environment, Food, and Rural Affairs (DEFRA) stated the need 
for the further investigation of a diffusive release or leaching mechanism when undertaking any 
leaching test (2009), considering that running a leaching test, reviewing the results of cumulative 
emissions at 64 days, comparing the final results with the criteria and assessing it as fail/pass 
would not be good enough to judge the leaching potential of the waste constituents. It is thus 
important to decide whether the release of different component was diffusive or whether there 
were any other leaching mechanisms involved, e.g., dissolution, depletion or surface wash-off 
(DEFRA, 2009).
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Log-log plots of cumulative derived leaching ) versus time are used to represent the
heavy metals' leaching data. The required calculations and plotting of the figures were carried 
out according to NEN 7375:2004. The predominant leaching mechanism is indicated by the 
gradient of a log-log plot of cumulative leaching versus time. The formula mentioned earlier 
(eqn. 3.10) is used to calculate the derived cumulative leaching to detect any deviations in a 
period (e.g., surface wash-off, depletion).
The analysis of leaching mechanisms was performed based on two criteria according to 
the standard, to determine whether there was dissolution of the S/S matrix during the test: 
Criterion 1: Sy.g > 1.5 x Vp/V + 10' (^pH7-8 -11.78) + 10^(2.5 -  pHy-g) 
where S7.8 = average measured conductivities in 7^"" and 8 ^^ pH intervals (pS/cm) and 
PH7.8 = average pH value in 7^*^  and 8 ^^ intervals 
Criterion 2: S5.6 > 2 x S5.6
where S5.6 = average measured conductivities in 5th and 6 th intervals (pS/cm)
If criterion 1 was not satisfied, then the matrix did not dissolve. If criterion 1 was 
satisfied, criterion 2 was checked. If criterion 2 was not satisfied either, then the material was 
not soluble. If neither criterion was satisfied, there was no need to analyse the components Ca, 
Cl and s o /' to verify the same.
The leaching mechanisms are determined based on the slope values. The relationship 
between the slope values and the leaching mechanism is provided in Table 3.10.
Table 3.10 The relationship between the slope values and leaching mechanisms
Slope Leaching Mechanism
<0.35 Surface wash-off or depletion
0.35 < slope < 0.65 Diffusion
> 0.65 Dissolution
In order to assess the mechanism of leaching, " values are used. An incremental
analysis was performed for all the components studied. In order to determine the leaching 
mechanism(s) involved in the release of different components from the monolithic test piece, 
the concentration factor and the slope were determined for each increment, using a linear 
regression of the log-log plots. To estimate the leaching of a component per unit surface area 
over a diffusion- controlled time interval, the following formula was applied:
1
r  _______   1 I b g "  l+ b -a
= \ E - E s - \ Y l - r _ ‘ r— \ (eqn. 3.11)
i=a y j i j  V M  J
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where 8 ^  ^  is the derived leaching (mVs) of a component in the time period and ty', tx is the
start time of the interval measured from the start of the test, in days; ty is the end time of the 
interval measured from the start of the test, in days; a and b are dimensionless indices by which 
an increment a-b is indicated for which a diffusion-controlled mechanism is established.
If the leaching of the component is diffusion-controlled, then the surface wash-off of 
the component can be determined using the following formula:
n ~
^ w a s M - 2  N n .  3.12)
where 8 y ^ a s M - 2 ' ^  the washed-off quantity of the particular component, in mg/m^; E* is the
measured leaching of that component in fraction 1 (1/4 day), in mg/m^; is the measured
leaching of that component in fraction 2 (1  day), in mg/m^; is the calculated leached
quantity of the particular component over 64 days, in mg/m^, calculated from the following
formula:
 f  b g *
^6a =  ^ \ Y \  r -  ' I—  (eqn. 3.13)
[ i= a  — V
Where is the derived cumulative leaching for a component over 64 days, in mg/m^; E* is the 
measured leaching of the component in fraction /, in mg/m^; is the end time of fraction / for
which diffusion has been established, measured from the start of the test, in days; /_j is the
start time of fraction / for which diffusion has been established, measured from the start of the 
test, in days; a,b are dimensionless indices by which an increment a-b is indicated for which a 
diffusion mechanism is established.
3.6 Instrumental Analytical Techniques
The surface and micro-structural characteristics of EAFD, the binders and the S/S 
products were analysed using XRD and SEM-EDX. Moreover, the leachates were analysed by 
ICP-OES to determine metal content (Pb, Zn, Cu, Cr, Ni, As, Mo, Cd, Se, Co, Ba and Sb). The bulk 
chemical characterisation of EAFD, LGMgO, steel slag, hlime, PFA and CEMI was performed by 
mass spectrometry. Only representative samples were measured by means of XRD and SEM- 
EDX. XRD gives an insight into the different mineralogical phases of the materials and products, 
whereas SEM-EDX will identify the presence of trace metals in particular solid phases.
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3.6.1 Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)
There is a variety of techniques used to measure trace elements in a leachate, e.g., 
atomic absorption spectrometer (AAS), inductively coupled plasma optical emission 
spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS). The 
choice of technique depends on the number of elements to be determined and the number of 
samples to be run. As a matter of cost, reliability and time, ICP-OES was chosen in this study as 
it has the ability to measure the spectrum rather than a single point, which is very important as a 
matter of accuracy, precision and speed. Moreover, ICP-OES is quite popular due to its 
excellent sensitivity, low detection limit and wide analytical range compared to other available 
techniques. The detection capacity of IPC-OES is sufficient to meet both the current regulatory 
limits and any lower limits that might be required in the future (Perkinelmer, 2011).
In order to prevent any physical disruptions or disturbances in nébulisation, the internal 
standard method was applied. The analysis was carried out in argon plasma by the addition of 
yttrium (Y) into the standard, blank and sample solutions. Plasma fluctuation compensation was 
provided by the use of internal standards. The axial optical path along the plasma was chosen to 
measure the emitted radiation intensity at element-specific and recommended wavelengths. 
The preparation of the internal standard solution was dependent on the matrix which was 
analysed. When analysing water-based samples, calibration standards and internal standard 
solution were prepared with deionised water only. However, when testing ANC samples, the 
calibration standards and internal standards solutions were prepared by both the addition of 
deionised water and nitric acid. This is due to the fact that the matrix contains acid and hence 
the samples analysed must be consistent with the standards used in order to obtain reliable 
results. The internal standards solution was prepared by diluting 1 ml of yttrium stock standard 
to 1 L and was stored in glassware. This solution was added into blanks, calibration standards 
and samples by using a peristaltic pump and tubing. The preparation of calibration standards 
solution is summarised as follows:
1. The required standard concentrations and required volume of stock solution for each 
standard was calculated using the following formula:
CiVi = C2V2 (eqn. 3.14)
where Ci=stock concentration, Vi=stock volume; C2=required concentration and V2=required 
volume
2. Using a micropipette, the stock solution was poured into labelled volumetric flasks
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3. The diluents (distilled water or nitric acid or both) were added to attain the required 
volume
4. The standards including the blank (which was deionised water) were run through ICP- 
OES.
At each run, in order to meet the lowest detection point of the metals analysed, 10 
points of standards solutions were prepared including 0.05 ppm, 0.10 ppm, 0.25 ppm, 0.5 ppm, 
1 ppm, 2 ppm, 3 ppm, 5 ppm and 10 ppm. Two of these prepared solution standards were used 
as quality control samples at each run to make sure that the readings of the equipment were 
consistent and reliable.
3.6.2 Chemical Characterisation
The bulk chemical characterisation of EAFD, LGMgO, steel slag, hlime and CEMI was 
performed by ICP-MS at Imperial College London (ICL). Most atomic spectrometric methods 
require samples in solution since the solids require digestion. The samples for ICP-MS analysis 
by lithium m eta bo rate fusion in graphite crucibles were prepared following the procedure 
below:
1. Dry powder at 105°C for 24 hours
2. Weigh 0.25 g of powder into a plastic weighing boat, add 1.25 g of lithium metaborate 
and mix carefully (for blanks, just measure 1.25 g of flux)
3. Transfer mixed powder to a clean graphite crucible
4. Note position of crucible in sample set
5. Fuse in a muffle furnace at 1050°C for 20 minutes
During fusion, measure 150 ml of 0.5 M HNO3* *  into a clean plastic beaker with lid, and add
a magnetic stirrer bar (**0.5 M nitric acid can be made by diluting 35 mL of concentrated
Aristar HNO3 to 1000 ml with deionised water).
6 . Place plastic bottle on a magnetic stirrer and adjust speed to stir vigorously
7. Swirl melt around in crucible and pour directly into the plastic bottle containing the 0.5
M HNO 3 , ensuring that no material remains adhered to the crucible
8 . Stir until dissolved (30 minutes-1 hour)
9. Filter (to remove carbon particles) into a 250 ml flask using a fast (Whatman 41) filter
paper, and make up to the mark with deionised water. The final acid concentration
should be 0.3 M HNO 3 .
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EAFD, LGMgO, steel slag, hlime, cement and PFA were analysed to determine the 
concentration levels of Pb, Zn, Cu, Cr, Ni, As, Mo, Cd, Se, Co, Ba and Sb. As the uncertainty is too 
great to have confidence in the results with ICP-MS, Zn and Pb measurements were done by ICP- 
AES at Royal Holloway University of London (RHUL) for better accuracy. The highest calibration 
standard used for Zn was 1000 ng/ml (equivalent in the solid to 5 wt% Zn). A lithium 
metaborate fusion was used for preparation in order to include silicon into the solution and 
retain this element quantitatively. Hence, lead was lost as a volatile at the furnace temperatures 
used in this procedure. A low temperature acid digestion was needed to measure lead 
quantitatively. The sample introduction system on an ICP-OES is very similar to that used on a 
flame AAS or ICP-MS.
3.6.3 Calibration of ICP-OES (CEHE Apparatus)
A calibration blank and a single standard containing all elements at Img/L were used to 
calibrate the instrument. A combination of single element and multi-element stock solutions, all 
containing elements at 1000 mg/L, were used to prepare the calibration standard. The ICP-OES 
operating parameters which were properly optimised to meet the appropriate detection limits 
are given in Table 3.11. Different methods were used for the analysis of different liquids 
containing a variety of metals. Five different standards, each with different combination of 
elements were prepared in order to prevent any possible interference due to the overlapping of 
metals. Thus, Pb, Cd, Se, Zn were set #1; Mo and As were set #2; Cr, Ni was set #3; Ba and Sb 
were set #4 and Co and Cu were set #5, all run separately to get the respective readings. Every 
element has a specific wavelength at which light is emitted. The quantitative data obtained is 
related to the amount of radiation emitted or absorbed at analyte wavelength. Deionised water 
was used as the blank solution when running the tank test and granular leaching test solution 
samples whereas nitric acid added to deionised water was used when dealing with ANC solution 
samples.
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Table 3.11 Analytical conditions for elemental analysis (ICP-OES)
ICP-OES instrumental parameters
Incident plasma power (Watt) 1300
Plasma gas flow (L/min) 15
Auxiliary gas flow (L/min) 0 .2 0
Nebuliser gas flow (L/min) 0.70
Replicate read time (seconds) 30
Instrument stabilisation delay 
(seconds)
30
Sample uptake delay (seconds) 30
Pump rate (mL/min) 1.5
Rinse time (seconds) 120
Replicates 3
Temperature (°C) 30
Element
Reading
Wavelength
(nm)
Interferences
As 188.979 Cr
Ba 233.527 none
Cd 228.802 Co, Ir, As, Pt
Co 228.616 none
Cr 267.716 Cu,Ta,V
Cu 327.393 Nb, U, Th, Mo, Hf
Mo 202.031 Os, Hf
Ni 231.604 Sb, Ta, Co
Pb 220.353 Bi, Nb
Sb 206.836 Ta, Cr, Ge, Hf
Se 196.026 Fe
Y 371.029
Zn 206.200 Sb, Ta, Bi, Os
3.6.4 Quality assurance and concentration measurements for ICP-OES
The quality assurance tests are designed to ensure accuracy and precision in the results 
obtained. The detection limits must be defined where the lower limit of detection (LLD) is 
defined as the concentration equivalent to three times the standard deviation of the reagent 
blank (Table 3.11). To achieve high quality standards, the quality control samples and the 
calibration standard solutions were prepared as described above, using certified concentrated 
metal standards diluted to the required concentration; grade "A" glass pipettes and volumetric 
flasks. A correlation coefficient (R^ ) of close to 1 was aimed at each run. If the value was less 
than 0.9995, the instrument was re-calibrated and the samples run again to obtain more reliable 
results. Moreover, relative standard deviation (RSD) plays an important role in determining 
whether the instrument is calibrated correctly and the results obtained are correct. RSD is 
widely used in analytical chemistry to express precision and repeatability and lower values mean 
better precision. An RSD value of < 10%, where most values obtained were even lower than 3%, 
was the target.
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Table 3.12 Detection iimit (pg/L)
Element ICP-OES ICP-MS Flame AAS
As <20 <0.05 <500
Ba <0.2 <0.005 <50
Cd <3 <0.010 <5
Co <10 <0.005 <10
Cr <10 <0.005 <10
Cu <5 <0.010 <5
Ni <10 <0.005 <20
Pb <20 <0.005 <20
Se <50 <0.10 <1000
Y <0.5 <0.005 <500
Zn <1.0 <0.02 <2
Adapted from: Thermo Elemental, 2001
The aqueous samples were reported in micrograms per litre (|ig/L) whereas the solid 
samples were reported in milligrams per kilogram (mg/kg), all with up to three significant 
figures. In water/aqueous sample calculation, the concentrations determined in the digestate 
were reported in microgram/litre (pg/L).
Aqueous sample concentration:
Concentration (pg/L) = C* —  * D F (eqn. 3.15)
where C = instrument value in pg/L; Vf = final digestion volume (mL) ; Vi = initial digestion 
volume (mL); DF = dilution factor.
Adjusted Limit of Detection (Ld) Calculation: To calculate the adjusted Ld for water/aqueous 
samples, substitute value of the Ld into the "C" term in the equation above.
3.6.5 Chloride Measurements
The determination of metals by spectrometric techniques, such as atomic absorption 
spectroscopy (AAS), ion chromatography (1C), ICP-OES, and ICP-MS, is possible. However, for 
chloride determination, microwave-assisted digestion would be needed, which makes the 
procedure complicated as the use of concentrated acids are required and the use of 
concentrated acids could increase the blanks and cause interferences, which might affect the 
analytical signal when using ICP-OES (Stewart and Olesik, 1998; Todoli and Mermet, 1999). 
Chloride determination analysis by 1C may also be difficult due to the use of concentrated acids
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that may result in a high content of ions. In this case, in order to reduce matrix effects, a large 
amount of water would be needed to dilute the samples.
In this study, the argentometric method was used for chloride determination in order to 
prevent any possible errors that might occur during the analysis of Cl by spectrometric 
techniques. This test was performed using a number of solutions as explained below (APHA, 
2005). The reagents prepared were:
• Potassium chromate indicator solution
o 5 g KzCr04  was dissolved in 5 mL of deionised water and a few mL of silver 
nitrate were added until a definite red precipitate formed. After standing 
for 12 hours, the solution was filtered and diluted to 100 mL with deionised 
water.
• Standard sodium chloride
• 824.0 mg of NaCI was dissolved in deionised water and diluted to 1000 mL.
• Standard silver nitrate titrant
• 2.395 g AgNOs was dissolved in deionised water and diluted to 1000 mL.
A graduated cylinder was used to measure 25 mL of sample analysed. The sample pH 
was held in the range of 7 to 10 with the help of sodium chloride drops. After that, roughly 5 
mL of chromate indicator solution were added into the sample solution and titrated with a silver 
nitrate solution until a pinkish or reddish tinge persists in the yellow solution. When a pinkish or 
reddish colour was obtained, the amount of chromate indicator solution used was recorded to 
obtain the concentration of chloride in the sample analysed.
To determine the concentration of chloride in a sample, the following formula was used 
(APHA, 2005):
(a-b) mL* M ^ * 3 5 .5 ^ ^ C I  
Chloride concentration = ------------------------------------ —  in mg/L (eqn. 3.16)
1000 mL
where A = mL titrant used for sample; B = mL titrant used for blank (this might be 0 mL);
M = molarity of silver nitrate
Note: This is C2=Vi/V2*Ci with concentrations converted from molar to mg/L. Ci and Vi refer to 
the titrant; C2 and V2 refer to the sample. If the silver nitrate comes out at exactly 0.0141 M, 
then the formula reduces to:
, mg (A—B)mL*(20.0 Cl-p)
^ L ~  ------------- iiü;---------  (eqn. 3.17)
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3.7 Microstructural and Mineralogical Analysis
3.7.1 X-ray Diffraction (XRD) Analysis
Detailed information on crystallographic structure and physical properties of materials 
may be provided by powder XRD. Phase identification (e.g., graphite or diamond) is provided by 
this technique alongside with phase quantification, % crystallinity, crystallite size and unit cell 
size. Powder XRD is used to examine the physical-chemical make-up of unknown solids. 
Interplanar spacing, relative intensities (l/lo), and mineral name tables are used to represent XRD 
data patterns. The identification of polycrystalline phases are mainly characterised and 
identified by the powder diffraction method. A diffraction pattern is obtained when X-rays 
interact with a crystalline substance. The pattern obtained is like a fingerprint of the substance 
and the same pattern is always achieved by the same crystalline substance. The diffraction 
software system has thousands of diffraction patterns stored in magnetic media as standards. 
These standards can thus be are used in diffraction analysis and by a search/match procedure 
the components in a sample can be identified where the areas under the peak are related to the 
amount of each phase present in the sample (Thermo ARL, 1999).
XRD is based on Bragg's law. D-spacing in polycrystalline materials is used to satisfy 
Bragg's Law by varying the angle 0. The interplanar spacing of unknown materials is determined 
by using monochromatic X-ray beams. Monochromatic X-rays are diffracted by using the 
property of crystal lattices. A pattern which characterises the samples is produced by plotting 
the angular positions and intensities of the resultant diffraction peaks (Taylor, 1997).
X-rays have a shorter wavelength than light but similar electromagnetic radiation. When 
electrically charged particles of sufficient energy are slowed down. X-rays are produced. The 
electrons are drawn to the anode (the metal target) with the help of high voltage that is 
maintained across the electrodes in an x-ray tube. At the point of impact. X-rays are produced 
and radiate in all possible directions. The strongest characteristic radiation is produced at a 
wavelength of about 1.5 Â by tubes with copper. These X-rays are then directed onto the 
sample (Poppe et al., 2002). Samples with a smooth plane surface are a necessity in powder 
diffraction analysis. Hence, the samples were grinded down to a size of 10 p or less where all 
were homogeneous and the crystallites were randomly distributed. In order to achieve a 
smooth flat surface the samples were pressed into a samples holder. It is important to convert 
the signal to a counter. The X-ray signal is detected by a detector and processed by a 
microprocessor or electronically. An X-ray scan or spectrograph could only be created by
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changing the angle between the X-ray source, the sample, and the detector at a controlled rate 
between pre-set limits.
The quality control and the experimental procedure followed were provided by 
Greenwich University where most XRD samples analysis was performed.
3.7.1.1 Analytical protocol
All samples were run on Bruker D8  advance Cu anode 2.2 kW tube at 40 kV and 40 mA. 
Goniometer was used in theta-theta geometry with Goebel mirror for parallel beam radiation 
and removal of CuK|3. 0.2 mm exit slit and sample was rotated at 15rpm. LynxEye position 
sensitive detector was at with opening of 3° and Lynxiris at 6.5 mm. 0.4 s counting time per 
0.02 degrees 20 step; with 176 channels active equivalent to 70.4 s per step were used at 5-70° 
20. Data was collected with DiffracPlus XRD Commander Software. In each case qualitative 
results are given from the interpretation using Bruker-AXS Software EVA V.16 followed, where 
possible, by a quantitative analysis by Rietveld refinement using Bruker-AXS software TO PAS V.4.
3.7.1.2 QAA
A corundum standard A13-B77 from Bruker-AXS is run at least once a month and if any 
changes are made to the diffractomer geometry. The standard sample from March before this 
research's samples were run provided in Appendix F, Figure F.14. The black line is the analytical 
data; the red pattern is ICDD PDF-2 database pattern 046-1212 for corundum. This shows that 
the goniometer is correctly aligned.
3.7.2 Scanning Electron Microscopy - Energy-dispersive X-ray spectroscopy (SEM-EDX) Analysis
The morphological data, topology and other important characteristics of the materials 
can be obtained using SEM-EDX. The textures and shapes of mineral aggregates may also be 
identified by this technique.
A Hitachi S3200N Electron Microscope fitted with secondary electron and backscattered 
electron (BSE) imaging systems with energy dispersive analytical capabilities was used for SEM- 
EDX observations. A large specimen chamber, a BSE detector and a variable pressure mode (VP- 
SEM) are the main components of a versatile electron microscope. This instrument is combined 
with an ultra-thin window Energy Dispersive X-ray (EDX) detector used for
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qualitative/quantitative elemental analysis. The specifications of the SEM-EDX include the 
following:
Accelerating Voltage: 0.3 to 30 kV (118 steps)
Magnification: 20x to 300,000x (63 steps)
Beam Current: 10-12 to 10-7A 
SEM Resolution: 3.5 nm guaranteed 
BSEM Resolution: 5.5 nm guaranteed 
Imaging System: Oxford Instrument's INGA system
Three dimensional-like images at high resolution of solid samples are obtained by SEM. 
The grey level of the image reflects the variations in the surface topography where details as 
small as 70 Â can be resolved on most samples. The EDX-ray spectroscopy feature of the 
instrument allows the user to perform elemental analysis within regions as small as few All 
elements in the periodic table can be detected with sensitivities of a few tenths of one percent 
where the dynamic experiments are recorded with a conventional video recorder.
The electron beam is used to bombard the specimen to identify its elemental 
composition. X-rays are emitted from the specimen as a result of this bombardment and EDX is 
the technique which utilises those X-rays. Samples are bombarded by the Electron beam of the 
SEM where the electrons are ejected from the atoms onto the specimen surface. The energy 
difference between electrons is balanced by the emitted X-rays. X-ray detector measures the 
number of emitted x-rays versus their energy and a spectrum is obtained (which contains the 
energy versus relative counts of the detected X-rays). Eventually, this spectrum is used for the 
qualitative and quantitative analysis of elements (Materials Evaluation and Engineering, 2010).
3.7.2.1 Modes of SEM-EDX Analysis
• EDX Spectra: EDX spectra allow plotting peaks within the area analysed thus indicating 
elemental concentration by the intensity of peaks (peak height). The area analysed 
could be adjusted to cover areas from less than a micrometre to several millimetres.
• BSE Imaging: Variations in the grey level of the image help to demonstrate variations in 
the average atomic weight of the material.
•  Elemental Mapping: The distribution of the elements of concern is depicted by 
photographic images. Variations in elemental concentration can be determined by the 
variations in the grey level of the image.
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• Concentration Profiles: They provide a graphical plot of the elemental concentration as a 
function of distance along a given line on the sample.
• Semi-Quantitative Analysis: It is a quick semi-quantitative estimate of elemental 
concentration.
3.7.2 2 SEM-EDX Sample Preparation
SEM-EDX analyses were carried out on all binding agents as received and on selected 
specimens prepared by the researcher. Cube specimens were cured for 28 days and dried in an 
oven at 60°C to constant weight before SEM-EDX analysis. In order to optimise the 
morphological analysis, sub-samples were taken from the dried specimens and the resulting 
fractured surface was gold coated for electro-conductivity. The binding agents that were 
received in powder form were dispersed onto a sticky carbon surface adhered to a flat 
aluminium platform sample holder; the samples were also gold coated thereafter. Powder 
samples were observed using a high resolution Hitachi S3200N microscope equipped with a cold 
cathode field emission electron source (FESEM) (Figure 3.10) as most of the particles were 
smaller than the SEM-EDX beam diameter in size. As previously observed by SEM-EDX analysis, 
EAFD, being mainly composed of spherical particles smaller than 10 pm in diameter possesses a 
very high surface area, and this property increases the water demand of the dry powders.
Figure 3.10 SEM-EDX (Hitachi S3200N) at the University of Surrey
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3.8 Statistical Analysis Methodology
3.8.1 Data Presentation and Statistical Analysis
During the experiments, deviations were reduced as much as possible by maintaining 
the appropriate sampling procedures and simulating the optimal experimental environment. 
Most of the test samples were prepared in duplicates or triplicates. The arithmetic means of 
the two/three individual results were calculated and if any of the test results varied by more 
than ± 1 0  %, it was discarded and the arithmetic mean of the remaining two results was 
calculated. If one result within the remaining test results varied by more than ±10 %, then the 
whole set of results was discarded and the test was repeated. This was true only for the test 
results that were prepared in either duplicate or triplicates. Among duplicates, if any of the test 
result varied more than 1 0% of the arithmetic mean, then the test were repeated.
In order to achieve better readings, the numerical data/numbers were rounded off to 
the nearest two or three significant decimals. Sampling errors were calculated for the results 
and illustrated on the figures/graphs where applicable. The coefficient of determination revalue 
was calculated for the ICP-OES results as a measure of linear relationship. The r^  value has no 
unit and is a fraction between 0.0 and 1.0. When it is equal to 1.0, all the points lie on a straight 
line with no scatter.
3.9 Experimental Strategy
This study was undertaken following a two-stage experimental programme. Stage 1 
involved a detailed screening tests programme designed to evaluate and select the best 
cement/binder design ratios, without any waste additions, to be investigated in detail in Stage 2. 
The experiments were conducted on the basis of treatability testing to optimise the binder 
proportions in the absence of waste. The second stage focused on the treatability testing of 
samples where binders were mixed with EAFD at specific waste/binder ratios based on the 
results achieved in Stage 1 of the experimental programme. A schematic diagram illustrates the 
steps followed (Figure 3.11).
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Treatability testing with EAFD 
waste addition
Binder screening with treatability 
tests______
Figure 3.11 Schematic Diagram of the Study's Experimental Programme 
3.9.1 Stage 1 - Treatability Tests with no Waste Addition
In both stages of the experimental programme, setting time, UCS before and after Wl, 
ANC, workability, BD and MC measurements were conducted to analyse both the physical and 
chemical characteristics of the samples studied. The hazardous nature of the samples was 
determined after a curing period of 28 days followed by 64 days' testing according to the EA 
NEN7375:2004 (Environment Agency, 2004). The leaching characteristics of the S/S products 
prepared were also tested using the ANC and granular leaching tests. The substitution ratios 
used in the research are depicted in Table 3.13 with the various w/s ratios given in Table 3.14.
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Table 3.13 Cement-binder substitution ratios - Screening Tests
Mix CEMI (%) Binder (%)
CEMI-BINDER-1:1 50 50
CEMI-BINDER-1:2 33 67
CEMI-BINDER-1:3 25 75
CEMI-BINDER-1:4 20 80
CEMI-BINDER-1:5 17 83
CEMI-B1NDER-1:6 14 86
CEMI-BINDER-1:7 12.5 87.5
CEMI-BINDER-1:8 11 89
CEMI-BINDER-1:9 10 90
Binder = Slag /  LGMgO /  PFA /  hlime
The w/s ratios used in the grout varied depending on the workability of the product as 
the fineness of the material had a significant effect. Hlime is a fine, non-hydraulic material and 
does not set when in contact with water. On the other hand, slags do exhibit cementitious 
properties. PFA is a pozzolanic and hydraulic material which reacts when in contact with water. 
However, it requires less water compared to hlime due to its high MC and higher particle size 
distribution. The water demand of PFA is higher than for hlime, slag and LGMgO as received.
Table 3.14 Water/solid (w/s) ratios (%)
CEMI-hlime 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9
Water (%) 60 60 60 60 60 60 60 60 60
CEMI-LGMgO 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9
Water (%) 40 40 45 45 50 50 50 50 50
CEMI-PFA 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9
Water (%) 20 20 20 20 20 20 20 20 20
CEMI-SLAG 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9
Water (%) 18 15 15 15 18 15 15 15 15
CEMI-PFA w/s ratios were varied between 18 and 25% with no significant variations in 
the results obtained. Consequently, 20% was selected as the optimal w/s ratio for these 
particular combinations. CEMI-slag combinations exhibited the same behaviour as PFA-blended 
grouts with water/solid ratio trials ranging between 15 and 20%. A 15% ratio was selected as it 
presented good workability results as well. The w/s ratio was increased to 18% only at a 1:1 mix 
ratio. CEMI-LGMgO needed more water (> 40%) for good workability results to be achieved. 
For ratios in excess of 1:5, the w/s ratio was kept constant at 50%. The w/s ratios obtained and 
the mix designs tested were compared to results published in the literature. However, no 
comparison could be made in the case of LGMgO and steel slag as information is lacking on their
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use for the treatment of EAFD using S/S technology. The results achieved in this study are 
similar to those obtained by other researchers as illustrated in Table 3.15. Two optimal 
cement/binder ratios (1:2 and 1:4) from Stage 1 were selected for further investigation with 
waste addition at 0%, 40% and 70% ratios in Stage 2 of the experimental programme.
Table 3.15 Summary of Literature on Mix Designs for Binders compared to current study
Reference PFA% CEMI% Ca(0H)2% EAFD% W/s ratios
Irabien et al., 2002 0-25 0 -1 0 68-94 0.33-0.50
Andrés and Irabien, 1994a 6-25 0-30 75-94 0.30-0.50
Andrés and Irabien, 1994b 1 0 -1 0 0 0-90 0.17
Salihoglu et al., 2007 10-95 5-90 0.40
Hamilton and Sammes, 1999 50-90 10-50 0.40
Salihoglu et al., 2007 35 35 30 0.40
Fuessle and Taylor, 2004 
CEMI/PFA 70:30
8-26 74-92 0.20-0.30
Fernandez et al., 2003 
CEMI-LIME 70:30
12.5-25 75-87.5 0.40
Salihoglu and Pinarii, 2008 35 35 30 0.40
Research mix design 1 50-90 50-10 - 0, 40, 70 0.15-0.20
Research mix design 2 - 50-10 50-90 0, 40, 70 0.60
Research mix design 3 - 100 - 0, 40, 70 0.40
3.9.2 Stage 2 - Treatability Tests with Waste Additions
The following standard testing methods were used for the treatability testing of samples 
using the mix design matrix conditions illustrated in Table 3.15:
• Setting time (BS EN 196-3:2005) at 1 day
• Consistency (BS EN 1015-3:1999) at 1 day
• UCS (BS EN 196-1:2005) at 7 and 28 days
• BD and MC at 7 and 28 days
• Specific gravity
• 3-point ANC (prCEN/TS 15364:2005) with measurement of pH at acid additions of 0 ,1, 2 
meq/g, at 7 and 28 days)
Extended testing (at 28 days and/or at 56 days for selected S/S products)
•  UCS before and after Wl
• ANC, measurement of pH and contaminants of interest at 0 acid additions -  conducted 
as granular leaching test (BS EN 12547-3)
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o Furthermore, almost 8 more ANC points with measurement of pH at acid 
additions of 3, 5, 7, 8 , 10, 12, 14 and 16 meq/g at 7 and 28 days (pr CEN/TS 
15364:2005)
• Distilled water leaching at 10 L/S (liquid/solid) ratios, measurement of contaminants of 
interest
• Contaminant release by diffusion (EA NEN 7375:2004)
• Total amount of materials used: 80 kgs of each material 
The binders and waste used in this study are shown in Figure 3.12.
EAFD SLAGhlime
CEMl
LGMgO
Figure 3.12 Binders and waste used in the study 
Table 3.16 Design Matrix of Cement, Binders, EAFD and Water Mixes
EXP. NO
Binder
Product formulation by components 
(dry weight % of total dry mix)
EAFD CEMl hlime SLAG LGMgO PFA Water
(%)
CEMI-hlime 1:2 hlime 40 20 40 - - - 50 70 10 20 - - 50
CEMI-hlime 1:4 hlime 40 12 48 - - - 50 70 6 24 50
CEMI-slag 1:2 Slag 40 20 - 40 - - 15 70 10 - 20 - - 20
CEMI-slag 1:4 Slag 40 12 - 48 - - 15 70 6 - 24 - 20
CEMI-LGMgO 1:2 LGMgO 40 20 - - 40 - 30 70 10 - - 20 - 30
CEMI-LGMgO 1:4 LGMgO 40 12 48 - 30 70 6 '  2 4 - 3 0
CEMI-PFA 1:2 PFA 40 20 - - - 40 20 70 10 70 20
CEMI-PFA 1:4 RFA
40 12 - - - 40 20 
70 6 - 70 20
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The variables were reported using the same methods as Stegemann and Zhou (2009) 
where, the units of % of total dry mass, the dry components of the formulation add up to 1 0 0 %, 
and the amount of water is effectively the water-to-solid ratio was presented as a percentage.
Water-to-solids ratio calculation
weight of H2O w
=  — ra t io  (eqn. 3.18)(weight of binders)+ (weight of waste) s
3.10 Summary
The methodology used in this study, as described in this chapter, aimed to determine 
the optimal conditions for establishing a stabiliser reservoir, which assures long-term 
stabilisation.
The results obtained in the stabilisation of EAFD using LGMgO and steel slag will be 
discussed as well as those obtained using hlime, PFA and cement as stabiliser agents in the 
following chapters, respectively. The possibility of using these materials or the S/S products in 
the construction industry will also be discussed where applicable.
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CHAPTER 4
STAGE 1 -  SCREENING OF THE MIX DESIGNS FOR BINDERS
4.1 Introduction
In general, it is difficult to achieve generic results with wastes like EAFD where the 
composition, including the various heavy metals it contains, is mostly dependent on the 
production process. Not every single metal can be immobilised within a similar pFI range or be 
encapsulated with the same amount of binder. The waste/binder matrix has a significant effect 
on the performance of the final S/S products. Therefore, one of the main targets of this study is 
to provide sufficient information to validate the potential viability of using LGMgO, steel slag, 
hlime and PFA as binding agents in S/S for the effective treatment of EAFD to meet the criteria 
for landfill disposal. Setting time, strength and consistency are important parameters, alongside 
leaching characteristics, for the binders to be viable for the treatment of hazardous wastes for 
landfill disposal.
This study addresses these issues by performing a rigorous and systematic experimental 
programme that examines not only the stabilisation, but also the solidification of EAFD using 
those binders as partial replacement for PC. The programme also aimed to achieve sustainable 
alternative materials to meet the optimised characteristics of cement in order to successfully 
substitute its use in civil engineering applications.
The main aim of this part of the study was to obtain a basic understanding of the 
possible reaction mechanism that occurs when PC and different cementitious binders are mixed 
and optimise the design mixes without any waste additions. The results obtained in this stage 
will form the experimental basis for the second more detailed stage of the research.
4.2 Binder Selection
In the literature, PC has been commonly used in S/S of EAFD. Binder systems using 
industrial by-products including PFA from coal-fired power plants with hlime are also frequently 
applied in S/S. Therefore, PC was selected as a reference material where other binder-blended 
systems were also tested. LGMgO and steel slag are two by-products, both of which are 
potential candidates to be investigated in this particular study.
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Slag-LGMgO, PFA-LGMgO, hlime-LGMgO, PFA-hlime and CEMI-hlime-LGMgO mix 
combinations at different w/s and binder ratios were mixed and tested to determine the best 
available mix matrix that meets the strength requirements of a solid block. However, none of 
the combinations above were successful as none of the UCS results obtained exceeded the 1 
MPa WAC limit at 28 days curing age. Only CEMI-based mix ratios were strong enough 
compared to the rest of the ratios tested. The CEMI-LGMgO mix matrix achieved higher 
strength values compared to CEMI-hlime, indicating that MgO is good at activating the hydration 
reactions which are required for strength development. The detailed mix combination ratios 
studied are listed in Appendix A.
Relevant tests such as the setting time, UCS before and after Wl, ANC, workability, BD 
and MC were conducted with a view to select the best performing mixes. Detailed chemical 
tests were only performed on those samples that passed the physical test protocols. The toxicity 
of the samples was determined after a curing period of 28 days followed by 64 days using the EA 
NEN 7375:2004 (Environment Agency, 2004). The results obtained in this initial study are 
discussed in the following sections.
4.3 Physical Characteristics of Solidified Products
4.3.1 UCS before and after Water Immersion
UCS, like setting time, is a physical manifestation of the chemical processes of hydration 
of a cement matrix. Setting is stiffening without development of compressive strength whereas 
hardening is a noticeable development of compressive strength. UCS testing is necessary to 
obtain a rough estimate of the strength of the product, which is an important parameter that 
gives a good indication of the handling properties and physical stability of the waste if it is to be 
disposed of in a landfill and hence its inclusion in the WAC.
Samples at various CEMI/binder ratios were prepared in triplicates, cured for 7, 28 
(before and after Wl) and 56 days and then tested. The results are depicted in Figs. 4.1-4.5, 
respectively. In addition to 28 days testing of strength, some samples were cured either for a 
shorter or longer period of time in order to verify the effect of the curing period on strength 
development. Certain selected samples were cured for 70,120,180, 365, 450 and 630 days and 
the results achieved are provided in Tables 4.1-4.4, respectively.
During the trial-and-error stage of the experimental programme, various w/s ratios were 
also tested alongside the binder/cement ratios in order to achieve the best possible ratio where 
good workability and strength values could be achieved. The ratios tested were consistent with
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the available literature. With CEMI-only mix combinations, the w/s ratio was kept at 0.40 at all 
ages and the UCS results are shown in Figure 4.1.
70 -----------------------------------------------------------------------------------------------------
Û. 40
28 W l
Curing age (days)
56
^  C EM l-only  
w /s = 0 .4 0
Figure 4.1 CEMl-only mix combinations for UCS 1, 28, 56 days and Wl (28 days)
*Error bars with standard deviations included
As illustrated in Figure 4.1, strength development continued as the curing age increased 
from 7 to 56 days. Hence, longer curing age means better strength development in the case of 
cement-based mixtures. UCS increased by approximately 20% between 7 and 56 days while a 
10% reduction was observed at 28 days curing age after Wl. Stegemann and Cote (1996) 
suggested the measurement of UCS after immersion to check whether strength development is 
due to hydration rather than drying and if there is any matrix disruption. The matrix disruption 
is caused by matrix dissolution or deleterious swelling as a result of reactions with water (such as 
retardation of ettringite formation or hydration of silica gel).
These results would verify the fact that lower strength development at 28 days after Wl 
may be due to the retardation of ettringite development. The drying of the specimens cannot 
possibly be the case under these circumstances since the samples are kept in a humidity room 
with a damp cloth in sealed plastic bags.
Hlime was introduced into the grout in the range of 50-90% to test its efficiency on 
strength development and to observe its performance as a cement substitute. In the literature, 
hlime has been widely used in the treatment of waste as in cement-blended mixtures. 
However, in previous studies, the ratio of cement was much higher than hlime, hence, cement 
was used as the dominant binder in the mixtures. In the present study, CEMI-hlime 1:1 to 1:9 
ratios were tested instead of 2:1 to 9:1 ratios as widely tested by many other researchers 
(Andreas and Irabien, 1994a; Irabien et al., 2002; Fernandez et al., 2003; Salihoglu et al., 2007).
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Therefore, a weak strength development was expected due to the lack of cementitious 
characteristics in hlime. The UCS results of CEMI-hlime mix ratios are depicted in the following 
Figure 4.2.
S.
5D
12
10
8
6
4
2
0
•'T
^ 7  days 
Hill 28 days
Mix ratios (%)
Figure 4.2 CEMI-hlime mix combinations for UCS 7, 28 and 56 days
*Error bars with standard deviations included
=  56 days
According to the results illustrated in Figure 4.2, UCS values of hlime-blended mixes are 
quite low when compared to the control sample, CEMl-only. UCS testing was only done for 
ratios of up to 1:6 as the UCS values were well below 1 MPa and the grout never developed a 
strength that could be measured after 7, 28 or 56 days at 1:7, 1:8 and 1:9 mix ratios. Strength 
development was reasonably high only at CEMI-hlime 1:1 and 1:2 ratios and the rest was not 
sufficient to be considered for further testing. It is a requirement of the WAC that only mixtures 
with sufficient strength development (UCSzsd > 1 MPa) should be considered for further testing, 
including ANC, monolithic and granular leaching tests.
The weak strength development observed could be linked to the high w/s ratio selected 
(0.60) and to the lower cement content compared to previous studies as mentioned earlier. The 
amount of cement is not sufficient for hydration reactions and hence strength development. 
The large amount of water requires more cement to be reacted in order for the hydration to be 
completed. In addition, hlime being a fine material, the particles does not allow the available 
cement particles to get in touch with water for an effective hydration reaction to take place. Wl 
testing was only conducted for the first two ratios (1 :1  and 1 :2 ) and the results are shown in 
Table 4.1. According to these results, strength development after Wl was slightly better than 
before. This was mainly valid in hlime-blended mix combinations as most of the other blends 
had lower strength development after Wl as can be seen in the UCS results reviewed throughout
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the chapter. This could be linked to the fact that rehydration occurred during Wl where cement 
particles found a way to interact with water for hydration.
Mix ratios (%)
^  7 days 111' 28 days
g  Wl #  56 days
Figure 4.3 CEMI-LGMgO mix combinations for UCS 7, 2S, and 56 days and Wl (28 days)
*Error bars with standard deviations included
In Figure 4.3, UCS results for CEMI-LGMgO mix combinations are shown. Similar 
behaviour was noticed as UCS results for CEMI-hlime mix combinations, where a longer curing 
period means better strength development. Moreover, UCS values decreased after Wl. A 
problem in the matrix physical integrity might be suggested in these samples due to the 
reduction in strength after Wl. The weaker strength development after Wl could be linked to 
the delayed ettringite formation in the presence of excess water. This might cause matrix 
disruption as a result of expansion caused by ettringite formation.
As it is clear from the results, strength development continued with longer curing ages, 
which confirms continuing hydration reactions taking place (Stegemann and Cote, 1996; 
Stegemann and Zhou, 2009). Overall, all ratios achieved better strength development compared 
to hlime-blended mixtures whereas most of the ratios, regardless of curing age, achieved UCS 
values higher than 1 MPa. When considering future amendments in the blend (Stage 2 of the 
study), the ratios with higher strength development have to be considered for further 
investigation as waste addition could cause a detrimental effect on the strength. Therefore, 1:1, 
1:2; 1:3; 1:4 are considered as potential ratios for waste addition and further testing.
Various w/s ratios were used in those blends as higher LGMgO content required more 
water to achieve a good consistency. It is clear that LGMgO has similar hydration characteristics 
as cement, which is much better than hlime. Strength development continues at longer curing
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ages and LGMgO is reactive enough when in contact with water to produce hydration reactions 
and products that are required for strength development.
PFA-blended mixes were also considered as PFA has been widely used in the treatment 
of hazardous waste and in the substitution of cement due to its pozzolanic properties. The UCS 
results obtained with PFA additions are shown in Figure 4.4.
Mix ratios (%)
^  7 days 
= Wl
28 days 
56 days
Figure 4.4 CEMI-PFA mix combinations for UCS 1, 28 and 56 days, Wl (28 days)
*Error bars with standard deviations included
As seen in Figure 4.4, all the mix designs studied have met the UCS WAC limit. Waste 
could be incorporated in any ratio as strength development continued even after 56 days and 
the values were quite high, and thus may be affected less by waste incorporation when 
compared to other blends studied. Those with Wl test results demonstrated better strength 
development compared to before Wl. The cementitious properties of PFA are effective in 
activating the hydration reactions required for strength development. The retardation of 
ettringite was possibly reduced by the pozzolanic characteristics of PFA which formed 
cementitious materials required for the completion of hydration when in contact with water and 
cement. Overall, hlime and PFA results showed a development in strength after Wl where CEMl- 
only, LGMgO-blended and slag-blended mix combinations demonstrated a weak strength 
development after Wl. However, all exhibited a similar trend of strength development with 
longer curing.
The slag-blended mixtures were tested according to its effect on strength development 
and the results achieved are depicted in Figure 4.5. According to the results obtained, it is clear 
that slag achieves much better strength development than hlime, LGMgO and even PFA, with 
UCS values increasing up to 50 MPa. Moreover, all ratios tested yielded higher than 5 MPa,
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regardless of the curing age, well above the UCS WAC limit (IMPa). The blends showed 
promising strength development even at 7 days of curing and it continued even after 56 days. 
There were only slight differences in the results obtained before and after Wl. Indeed, the 
results for up to 1:4 ratios did not exhibit any significant differences regardless of the curing age. 
Hence, using 1:1,1:2,1:3 and 1:4 ratios for the next step (with waste addition) would be the way 
forward.
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Figure 4.5 CEMI-slag mix combinations for UCS 1, 28, and 56 days, Wl (28 days)
*Error bars with standard deviations included
Some further extended tests were conducted on several selected mix designs to show 
the effect of curing age on strength development. Tables 4.1-4.4 illustrate these extended 
testing results. CEMI-hlime mix designs showed a consistent behaviour and only CEMI-hlime 
with a 1:1 ratio had a good UCS value at 630 days. CEMI-LGMgO combinations showed 
continued strength development with increased curing age. A similar behaviour was observed 
for most of the CEMI-PFA and CEMI-slag mix combinations.
The w/s ratios used in the experiments are also shown in Table 4.1-4.4. PFA does not 
require as much water as hlime does. This is due to the water content in the as received PFA. 
The water required for hydration is provided both by the addition of extra water into the mix 
blends and by the water content of PFA itself. On the other hand, slag does not contain as much 
water as PFA and the w/s ratio used in the mix blends are low. The lower w/s ratios used in the 
slag-blended mixtures resulted in better strength development.
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4.3.2 Bulk Density Results
Figure 4.6 shows BD results for CEMl-only mix combinations at different curing ages. BD 
values remained almost constant for CEMl-only mix combinations with increasing curing age. A 
constant w/s ratio of 0.40 was used for all curing ages.
t
I
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CO
3
2
1
0
7 days 28 days 56 daysWl
Curing perlod( days) \  CEMI-ONLY
Figure 4.6 CEMI-only - BD (g/cm^)
*Error bars with standard deviations included
BD results for CEMI-hlime and CEMI-LGMgO mix combinations are depicted in Figures
4.7 and 4.8, respectively. A similar approach was used for the CEMI-hlime mix combinations 
where a constant w/s ratio (0.60) was used at all ratios studied. The w/s ratio only changed for 
CEMI-hlime 1:2 ratios to 0.65 where a change in the BD values was observed. The w/s ratio was 
kept constant at 0.60 for all other ratios studied and no significant difference was observed. 
Therefore, it was concluded that the incorporation of hlime into the mix matrix and a longer 
curing age had no significant effect on BD.
The w/s ratio, on the other hand, did have an impact on BD values. All the ratios studied 
had BD values ranging from 1.50 to 1.6 g/cm .^ CEMl-only mix combinations had higher BD 
values than CEMI-hlime mix combinations. Therefore, it may be concluded that higher BD values 
mean higher UCS values.
For CEMI-LGMgO combinations, the w/s ratio was increased with increasing the LGMgO 
content in the mixture. Therefore, it is difficult to critically analyse the effect of these two 
factors on BD results. The results, depicted in Figure 4.8, clearly show that there is no clear 
trend in the BD values where a conclusion could be derived on what has caused the change in 
values. The only conclusion that may be reached is the fact that the BD values varied between 
1.75-1.94 g/cm  ^ regardless of the curing age and LGMgO content in the mixture. The results
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achieved were not significantly different and can be considered as negligible. No clear effect of 
w/s ratio, curing ages and LGMgO content was observed on the BD values.
E
I
Û
CO
c G
- a
o c9 o
Mix ratios(wt%/wt%)
y
9
^  7 days 
Hill 28 days 
^  56 days
E
â
a
CO
Figure 4.7 CEMI-hlime - BD (g/cm^)
*Error bars with standard deviations included
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Figure 4.8 CEMI-LGMgO - BD (g/cm^)
*Error bars with standard deviations included
The BD results for CEMI-PFA and CEMI-slag mix combinations are shown in Figures 4.9 and 4.10, 
respectively. Apparent increases in BD values for slag blends were observed at all ratios studied 
compared to hlime, PFA, LGMgO and cement-only mix combinations. Slag-blended mixtures had 
values higher than 2 g/cm ,^ which was the highest BD value achieved among all the mix 
combinations tested. Steel slag is a heavy material compared to other binding agents used in 
the study. Hence, achieving higher BD values was expected.
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In summary, the following conclusion can be derived on BD values for the various blends 
studied; BDhnme < BDpfa < BÜLGMgo < BDcEMi-oniy< BDslag- This shows that although BD is an 
important indicator and influences the UCS, the strength level achieved is mostly affected by the 
amount of cementitious materials available for hydration reactions.
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Figure 4.9 CEMI-PFA - BD (g/cm^)
*Error bars with standard deviations included
Mix ratios (wt% /wt% )
Figure 4.10 CEMI-slag - BD (g/cm^)
*Error bars with standard deviations included
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4.3.3 Moisture Content (MC)
The water content (as a percentage) of samples studied is depicted in Figures 4.11 to 
4.15 for samples without any waste addition. The results show that hlime-blended mixtures 
achieved the highest water content values. This may be linked to the high w/s ratios used.
8 8
W hen the strength values achieved are taken into account, it may be concluded that the water 
was not used effectively for the hydration reactions taking place and hence strength 
development was very weak. Thus, the un-hydrated cement particles remained in the blends 
along with an excessive amount of unused water. In the literature, lime is often added to sludge 
type mixes which already have a high water content in order to reduce the MC and to reach the 
desired level of compaction (Lim et al., 2002). The decrease in the MC helps to enhance the 
workability of the grout. In contrast, when hlime was introduced into the mixture in this study, 
the amount of water was increased in order to achieve a reasonable workability which, as a 
consequence, decreased the strength development of the S/S product.
The curing age has a clear effect on the MC of the samples. This is due to the continuing 
hydration reactions taking place in the mixture. All ratios studied achieved the lowest MC values 
at 56 days of curing age. The water content of the LGMgO-blended mix designs was not as high 
as for the hlime-based mix matrix. This may be linked to the smaller w/s ratio used in the 
matrix. PFA and slag-blended mixtures used approximately the same w/s ratio. Flowever, PFA, 
as received, already contains some water. Hence, the lower water content means better 
hydration reactions and better strength development (Stegemann and Zhou, 2009). Slag- 
blended mixtures had quite low MC values compared to other mix blends. This may be linked to 
the low w/s ratio used in the mix design or to the good quality of hydration reactions that took 
place in the matrix. In the literature, work focusing on the use of another type of slag, GGBS, 
showed that water used in the matrix design increased with the increase of GGBS content (Oner 
and Akyuz, 2007). In this study, the water content was reduced as it was used with increasing 
slag content and hence the available water was used effectively in the slag-blended mix matrix.
20
u
7days 28days SSdays
curing age (days) -a-CEMI-orly
Figure 4.11 CEMI-only -  MC (%)
89
o
no
Orsi O
(%)DIAI
l/l5» ro roro T3T3T3 00 LOrv nsi LD
I t
1
o‘ip
2 
X
U
sQ.
LUU
3
£
3U>
O
no
OfN o
(%) DIAI
o
^  & T3 T3 
00 <J0 fN LD
1
o‘p
2 
X
U
CUDre
u
m
(U
3U)
ooo
>■ ro
00 uo
o o00 onsi o o
£
u
u
rg
(U
3bO
(%)3IAI
o
no
O
ON
O O
U
O
b fi
u
m
m
3bO
4.3.4 Consistency
The properties of the fresh grouts are evaluated by determining their workability and 
the results are depicted in Figures 4.16 to 4.19. The consistency of the grouts is reported as an 
average value for the samples prepared for 1, 28, 56 days and Wl testing. The consistency and 
MC of the mixes were measured to control water addition. A sufficient amount of water was 
added to form a mortar-like mix. The water/cement ratio determines the effect of the water 
content since it introduces the concept of the workability required when the material is to be 
mixed, poured and cast (Boutouii and Levacher, 2005). MC is an important tool not just because 
it affects the water/binder ratio, but also has an effect on the workability, strength and 
permeability of the samples. As Neville (1995) pointed out in the case of PC, the water/binder 
ratio needs to be 0.23. The further addition of any amount of water required for cement 
hydration will cause an increase in both porosity and permeability. As previously mentioned by 
Maher et al. (2005), the addition of cement significantly reduces the MC of the samples.
Since this study focuses on decreasing cement usage, the effect of other materials 
(hlime, LGMgO, PFA, steel slag) on the MC, consistency and BD are discussed. For CEMI-hlime 
mix combinations where a constant w/s ratio was used, the quality of the consistency decreased 
with the addition of more lime into the mix matrix. The values were in the range of 160 to 212 
mm. It is difficult to comment on CEMI-LGMgO consistency results as both the w/s and 
binder/cement ratios were changed. Hence, the results achieved do not follow a specific trend. 
However, at 1:1 and 1:2 ratios where w/s ratio was constant, a decrease in consistency was 
observed with an increase in LGMgO content. The consistency values were in the range of 186 
to 225 mm with only 1:2 and 1:4 mixes exhibiting values within the WAC limits (175±10 mm).
The consistency results for CEMI-PFA mix blends are depicted in Figure 4.18. According 
to this data, it is difficult to comment on PFA-blended mixtures' consistency results as no 
particular trend can be observed. The results achieved were in the range of 192 to 224 mm, 
which is much higher than the WAC limits (175 ± 10 mm). This may be linked to the excess 
amount of water added or simply to the water coming from the PFA itself. Figure 4.19 
summarises the consistency results for CEMI-slag mix blends. The values are in the range of 177 
to 213, higher than the WAC limits even at very low w/s ratios (0.15-0.20). This is due to the 
fact that further hydration is retarded within a few minutes of exposure to water because of a 
coating of aluminosilicate forms on the surface of slag grains (Mehta, 1989). Under these 
conditions, the rate of hydration is very slow and can only be accelerated in alkaline media 
where the alkalinity can be provided by either lime or PC clinker (Bijen and Niel, 1981).
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4.3.5 Specific gravity
The specific gravity results of the materials as received are shown in Table 4.5. 
Table 4.5 Specific gravity (g/cm^) of materials as received
Binders IMS (g) IMS density (g/cm^) Sample (g) IMS (g)
Specific
gravity
(g/cm^)
CEMl 39.58 0.792 21.54 34.05 3.08
LGMgO 39.54 0.791 20.62 34.19 3.05
hlime 38.95 0.779 20.16 31.33 2.06
PFA 39.68 0.794 2 0 .8 31.66 2.06
Steel slag 39.56 0.791 20.87 34.85 3.51
EAFD 39.67 0.793 14.10 37.07 4.30
/MS= Industrial Methylated Spirit
The specific gravity values of the steel slag and LGMgO used in the study are quite similar with 
less than 5% difference. On the other hand, hlime and PFA used in the study had similar values 
but significantly lower than CEMl and LGMgO values. The waste material has a higher specific 
gravity than all the binders used in this study. When compared to water which has a specific 
gravity of 1, all materials studied are denser than water and hence will sink in it. CEMl, slag and 
LGMgO are denser than hlime and PFA. Steel slag, CEMl and LGMgO are expected to yield a 
higher density products compared to conventional mixes having less specific gravity values.
4.3.6 Setting Time
Setting time, both initial and final, of the mortar were tested using a manual Vicat 
apparatus. The setting time was measured for all CEMI-lime and CEMI-LGMgO mix combinations 
but only for selected combinations of CEMI-PFA and CEMI-slag-blended mix matrices. Setting 
time measurements were only undertaken for one sample during the first stage of the research. 
The initial and final setting time results are shown in Figure 4.20 to 4.24. The results show that 
PFA and slag-blended mix designs set in a shorter period of time at all binder ratios studied 
when compared to LGMgO and hlime blends. On the other hand, hlime-blended mix designs 
had faster initial setting time results but slower final setting time when compared to LGMgO 
blends. LGMgO had much longer values for both initial and final setting compared to CEMl-only.
The chemical characterisation and elemental composition of materials used in the study 
provide information on what has affected the setting time. The pozzolanic characteristics of 
both steel slag and PFA result in quicker stiffening and hence more rapid setting than for hlime.
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In hlime-blended mixtures, the setting was slowed down due to the lack of pozzolanic behaviour 
of hlime that is required to set when in contact with water and hence the hydration process that 
is required for the stiffening and hardening of the matrix. According to the setting time results 
attained, LGMgO lacks pozzolanic properties compared to slag and PFA. LGMgO is a reactive 
material that reacts when in contact with water. However, the setting of LGMgO-blended 
mixtures took longer compared to CEMI-only mixes.
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4.3.7 Acid Neutralisation Capacity (ANC)
Based on the UCS, consistency and setting time results, the ratios to be used in the Stage 
2 of this research study are 1:2 and 1:4. Hence, ANC testing was performed only on a selection 
of mixed design ratios and the results are illustrated in Figures 4.25 to 4.33. As Figure 4.25 
shows, the pH results for CEMl-only mix design along with acid additions ranged from 4.71 to 
12.62. The graph shows a decreasing trend with the increase of acid additions. The pH of the 
mix design was around 6 at 8 meq/g acid additions, which means that the solution lost its 
alkalinity only with 8  meq/g or more acid addition levels. PC is an alkaline material that keeps 
the pH level of the environment basic in nature, even in the worst conditions where most of the 
materials could be kept insoluble. This is mainly the reason why PC has been accepted as a good 
fixation agent for heavy metals in S/S treatment technology. PC has a very high buffering 
capacity and is resistant to acid attacks.
As shown in Figures 4.26 and 4.27, some pH data are missing. During the experimental 
study hlime-blended mixtures were found to have achieved a slightly decreasing trend with an 
increase in acid additions. Hence, there was no need to take pH readings between the values. 
Overall, it is apparent that regardless of the curing age, pH values decreased with acid additions 
although they were still at levels that are considered to be alkaline in nature. Hence, it is clear 
that hlime is an alkaline stabilising agent and does not lose this characteristic even under the 
worst conditions. pH values do not change significantly with further addition of hlime into the 
mixture. Moreover, no clear effect of curing on pH was observed at any point investigated. pH 
values were around 11.2 to 12.5, which is high enough to be considered alkaline even at very 
high level of acid additions.
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Figure 4.25 ANC Results -  CEMI-only -  28 days
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Figures 4.28 and 4.29 illustrate the ANC results for CEMI-LGMgO at 7 and 28 days curing 
age, respectively. LGMgO blends demonstrated a very good buffering capacity even at high acid 
additions similar to PC and hlime blends. The pH values decreased to 7 with 7 meq/g or more 
acid additions. Figures 4.30 and 4.31 show the ANC results for selected PFA-blended mixes at 
both 7 and 28 days curing age, respectively. The results indicate that PFA lowers pH values 
immediately when in contact with acid. Hence, the alkalinity cannot be preserved after 5 meq/g 
acid additions. Figures 4.32 and 4.33 show the ANC results for CEMI-slag at 7 and 28 days curing 
age, respectively. The pH values were lower than 7 after 7 meq/g or more acid additions. Steel 
slag may also be considered as an alkaline material since it also resists acid attacks and remains 
in an alkaline condition even with high acid additions.
The ANC results of the as received materials used in the study are shown in Figure 4.34. 
PC is an alkaline material and its buffering capacity is high as pH starts significantly decreasing 
only at 10 meq/g acid additions. On the other hand, as shown in Figure 4.34, PFA is not resistant 
to acid attacks as its buffering capacity is very low. The pH levels of PFA decrease very sharply 
starting from 1 meq/g acid addition down to 2.37 only at 1 meq/g acid addition. Steel slag, 
LGMgO and hlime are all alkaline materials and pH levels remain very high even at very high acid 
addition levels. The buffering capacity of these materials is extremely high and they are thus 
resistant to extreme acid attacks. The pH levels of EAFD waste decrease very sharply at 7 meq/g 
acid addition, down to 3. It may be concluded that if the stabilising agents used are alkaline 
materials with EAFD addition, the buffering capacity of the blended mixture should be 
reasonably high as EAFD resists acid attacks and pH levels would go down to acidic levels only 
with 7 or more meq/g acid additions. The buffering capacities of the binders are in the order, 
hlime > CEMl > slag > LGMgO > PFA.
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4.3.8 Leaching Test Results
4.3.8.1 Granular Leaching Test Results
Heavy metal leaching is generally expected from materials which contain heavy metals 
in their as received state. After S/S treatment, the leaching potential of heavy metals is tested 
and the influence of fixation on heavy metals leaching is examined. This chapter is only 
concerned with the binding agents used in the treatment of the waste under discussion. Hence, 
no waste was incorporated into any mix designs prepared. Thus, it is expected that no heavy 
metals would leach at this point of testing. However, PFA, slag and LGMgO are by-products of 
some specific processes and hence they might contain some metals which may leach when in 
contact with the leaching medium. It is important to keep in mind that some reactions that 
occur during the mixing and interactions with water and hence the hydration may cause some 
metals that exist in very small quantities in the as received materials to leach.
Leaching tests were therefore conducted on samples without any waste addition for 
validation purposes only. The granular leaching test results obtained are shown in Tables 4.6 to 
4.9. No heavy metal leaching was observed at any ratios and mix designs studied at 28 days of 
curing age.
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4.3.S.2 Monolithic Leaching Test Results
In Stage 1 of the experiments, only the heavy metals were Investigated In the monolithic 
leaching tests. Tables 4.10 to 4.13 show the monolithic leaching test results for mix 
combinations without any waste additions. The results Indicate that Ba leached and exceeded 
the WAC limits at some CEMI-hllme ratios whereas Mo leaching was observed In CEMI-PFA mix 
blends and both Mo and As leached from CEMI-slag mix combinations with rates higher than the 
WAC leachablllty limits. Ba leaching Is linked to the fact that It may be found In a relatively 
soluble form: Ba(0 H)2. Cr leaching can only be controlled If It Is reduced from the Cr(VI) to the 
Cr(lll) form (Dermatas and Moon, 2006). Mo may be In the form of M 0 O3 and dissolved In an 
alkaline solution. Ca content plays an Important role In controlling As leachablllty. If the amount 
of lime Is high In a system. It Is more effective In lowering the leachablllty of As than PC. 
Therefore, a higher Ca content means lower As leaching rates. The formation of calcium 
arsenlte (CaHAsOs) reduces the leaching rate and mobility of As.
LGMgO and steel slag contain very small amounts of heavy metals as a result of the 
production process and hence the leaching of those elements Is not very surprising when It 
comes to the cumulative leaching of metals In question. However, for CEMI-LGMgO mix 
combinations, none of the leaching rates of metals under discussion exceeded the limits at any 
ratio studied. This Is probably due to the high alkalinity of the CEMI/LGMgO binder system and 
successful fixation of heavy metals within the S/S matrix.
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4.3.S.3 Diffusion Leaching Mechanisms Assessment
Matrix integrity is important for maintaining the low permeability of the system and the 
insolubility of the metals encapsulated in the solid matrix. The physical integrity of the matrix 
could be deteriorated by its dissolution; therefore, maintaining low bulk matrix solubility is 
required (Stegemann and Zhou, 2009). The leachability of the metals could only be controlled by 
diffusion and hence the leaching mechanism of each metal in the matrix should be known in 
order to have control over the contaminants' mobility. Therefore, diffusion leaching mechanism 
assessment is required to determine the mechanisms that control the leaching of the heavy 
metals in the matrix.
Contaminants transported into the environment by diffusion must first be dissolved in 
the pore water and hence the pH condition of the pore water is important to control the metals' 
solubility in order to reduce the diffusion of the contaminants into the environment. Therefore, 
it is important to determine the leaching mechanisms that control the metals leaching in both 
the early and later intervals. The leaching mechanisms of each mix matrix studied were assessed 
and only the most important results are reported in this chapter, due to the extensive amount of 
data obtained.
Leaching mechanism assessment was only performed on samples that were selected to 
be used as control samples in Stage 2 of the experimental programme; hence, their results are 
depicted and discussed in the following chapters.
4.4 Summary
The large body of data obtained during Stage 1 of this investigation enabled us to focus 
on a selection of cement-binder mix designs to be investigated further and in more detail during 
Stage 2. CEMhbinder ratios of 1:2 and 1:4 were chosen for further investigation as they yielded 
the best results during the screening programme. The hlime-blended mixes did not 
demonstrate satisfactory results at the ratios studied as PFA, LGMgO and slag did. The best 
results among CEMI-hlime mix blends were achieved at 1:1 and 1:2 mix ratios in terms of setting 
time, consistency and strength development. On the other hand, LGMgO, PFA and slag blended 
mixtures performed well in terms of setting time and UCS development at all mix ratios studied 
(1:1 to 1:9).
The ability of the pozzolan additives to act in a cementitious way is related to their 
similarity in chemical and physical properties to those of PC. The pH of a material plays an
1 1 1
important role in its ability to set and develop strength when mixed with water and PC. EAFD 
waste additions of 40% and 70% will be investigated in the next stage of the research 
programme as they represent the minimum and maximum waste additions that have to be 
taken into consideration if this treatment method is to be technically and economically viable.
The following chapter will investigate the effect of EAFD addition on the performance 
characteristics of the S/S products using hlime and PFA as cement replacement binders. 
Relevant parameters such as setting time, UCS, consistency, density and leaching behaviour will 
be examined with a view to establish an understanding of the immobilisation processes and 
leaching mechanisms involved during the S/S of the waste of concern. The potential of the 
technique to treat waste so that it can pass the WAC requirements for landfill disposal will also 
be evaluated.
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CHAPTER 5
EFFECT OF EAFD ADDITION ON S/S PRODUCTS USING 
PC, HYDRATED LIME (hlime) AND PFA
5.1 Introduction
As described in Chapter 2, there is a wealth of published literature on the use of PC, 
hlime and PFA for the treatment of hazardous waste. The objective of this chapter is to 
undertake a comprehensive and systematic study of the use of these binders with a view to 
compare their performance with published data in the context of the new landfill directive and 
WAC requirements (Environment Agency, 2005).
In hazardous waste stabilisation, pH and leaching mechanism play a vital role. Similarly, 
physical encapsulation also plays an important role in hindering leaching by physically 
entrapping the waste into a solid structure. It is therefore important to examine the physical, 
chemical and leaching characteristics of S/S products in order to have a comprehensive 
understanding of their performance so as to decide whether or not they are eligible to be 
disposed off in a landfill environment.
5.2 Physical and chemical characteristics
5.2.1 Introduction
The effect of waste addition on PC, hlime and PFA-blended solidified systems was 
investigated by examining the consistency, set time, strength development, and ANC of S/S 
products. Moreover, the leaching characteristics of the solidified forms were investigated using 
several leaching test protocols.
5.2.2 Water/Solid (w/s) Ratios and Consistency Results
The w/s ratio was kept constant at 0.60 for all hlime-blended mixtures to be consistent 
with the literature (Salihoglu and Pinarli, 2008). However, reduced w/s ratios would yield to 
better consistency and may also result in better set and strength development. In this study, 
due to the water content of PFA as received, the w/s ratio was kept within the 0.18-0.20 range, 
which is lower than what is reported in the literature. Asavapisit et al. (2005) used a w/s ratio of
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0.5 for all mixes where PFA substituted cement at maximum 30% and was mixed with dried 
sludge. Qiao et al. (2006) used a w/s ratio of 0.35 for all mixes where PFA substituted cement 
for the treatment of sludge. Pereira et al. (2001) used a w/s ratio of 0.25 when PFA substituted 
cement at various ratios for the treatment of EAFD. The w/s ratio of CEMI-only mix combination 
was kept constant at 0.40 with 0%, 40% and 70% waste addition in agreement with published 
literature (Cheeseman et al., 1998; Salihoglu and Pinarli, 2008). As Rice et al. (2007) mentioned 
in their work, the reduced water content of the mix would achieve reasonable fluidity and be 
beneficial in limiting long-term waste corrosion. Moreover, less porous and more durable 
products can be obtained with reduced water content. An increase in the surface area and 
hence the solubility of the S/S products could be linked to the increase in the w/s ratio (Conner, 
1990). Moreover, the addition of EAFD into the matrix could lead to poor cement hydration and 
hence, weaken the strength. The lower w/s ratio used in this study has resulted in better 
strength development compared to other studies mentioned earlier.
Figures 5.1 and 5.2 summarise consistency results for hlime and PFA-blended mixtures, 
respectively. The consistency values are recorded as an average of five readings. The 
consistency of hlime-blended mixtures could not be measured for either CEMI-hlime 1:2 or 1:4 
with 70% waste addition as the mortar fluidity was very high. At a constant w/s ratio, the 
consistency increased with waste addition into the mix matrix. Values were in the range of 169- 
212 mm and, except for CEMI-hlime 1:4:0, all others had consistency values higher than 195 
mm, which is much higher than the WAC limits. PFA-blended mixtures yielded better 
consistency values. For most ratios, the values were within WAC limits, except for CEMI-PFA: 
1:4:0 and CEMI-PFA 1:4:40. As mentioned earlier, the w/s ratio was kept constant at around 
0.20 for CEMI-PFA 1:2 and 1:4 with 0%, 40% and 70% waste addition, which resulted in better 
consistency values within the limits (WAC limits: 175 ±10 mm).
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5.2.3 Setting Time Results
Figures 5.3 to 5.5 illustrate the effects of both waste and binder addition on setting time. 
The data shows that waste addition results in much longer set times and produces the longest 
set times at all ratios studied. Moreover, increasing the binder content in the mixture (hlime or 
PFA 1:2 to 1:4) did not cause a significant difference (10-12%) in setting times when no waste 
was present. On the other hand, the CEMI-only mix matrix set quicker than both the hlime and 
PFA-blended mixes when there was no waste.
When waste was incorporated into the blends, there was a 23-66% difference in both 
initial and final setting times for all PFA-blended mixes. A more significant difference in setting 
times was observed for hlime-blends (26-103%) after waste addition. CEMI-EAFD with 40% 
waste addition had quicker setting time values when compared to hlime blends and reasonably 
similar values to PFA blends. However, for CEMI-EAFD with 70% waste addition, initial setting 
time was faster than for hlime and 2 hours slower than PFA at the same ratio of waste addition. 
The final setting time of CEMI-EAFD 70% mix ratio was slower than both PFA and hlime-blended 
mixes. With 70% waste addition, CEMI-PFA blends showed an early strength development 
compared to CEMI-only and hlime. This might be due to the false setting which may be caused 
by the thickening effect of the formation of too much zinc hydroxide on the cement particles 
(Gervais and Ouki, 2002; Salihoglu et al., 2007). Similar behaviour was noticed at some other 
ratios, which will be discussed in the following chapters.
Figure 5.5 shows that PFA-blended samples with waste addition at both 40% and 70% 
ratios had a retardation effect on both the initial and final setting time when compared to the 
control sample. However, the 70% waste addition mix exhibited better setting performance 
compared to the 40% as shown by the reduced time for both initial and final set. There is 
almost 52% reduction in initial and 24% reduction in final setting times for CEMI-PFA 1:2:70 
compared to 1:2:40 and a 22% reduction in initial and 30% reduction in final setting times for 
CEMI-PFA 1:4:70 compared to 1:4:40. The differences in setting time may be due to differences 
in the hydration process of the cement formulations since they had different compositions. 
Whether the amount of cement needed for the hydration process is low or high would affect the 
hydration process and hence cement set and strength development. When the cement grains 
are surrounded by, e.g., Pb ions, then the hydration reactions and hence the development is 
hindered and immobilisation may not occur (Cubukcuoglu and Ouki, 2012). Moreover, the 
amount of Ca ions in the system may also change the hydration conditions required for proper 
setting and strength development. Ettringite requires Ca^  ^ ions to form and hence coats the PC
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grains. Therefore, it has a retardation effect on PC hydration as it reduces the flow of water 
required for the hydration reactions by covering the PC grains. The presence of fewer Ca^  ^ ions 
is helpful in reducing the retardation effect of ettringite since, under these circumstances; 
ettringite is not formed on C3A grains. On the other hand, Ca silicate gel forms around the 
cement grains and may encapsulate them. This formation of gel may reduce set time since it 
retains large amounts of water thus causing the mix to stiffen, but may thereby retard the 
normal cement hydration. The common ion due to the pH increase, i.e., higher alkalinity of the 
system, may depress the solubility of Ca and hence reduce the amount available for PC 
hydration. The lack of Ca and free content water in the system may retard strength 
development at later intervals (28 days) (Classer, 1997; Chrysochoou and Dermatas, 2006). In 
summary, hlime-blends had longer cement set and weakened strength development due to the 
high alkalinity of the system that reduces the amount of Ca ions coming from the dissolution of 
calcium hydroxide in water, required for PC hydration reactions to occur.
In general, the setting times achieved in the present study were within the WAC limits at 
all ratios studied. The difference in setting times of PFA blends may be explained by metal 
retention. Accordingly, the leaching tests of PFA-blended mix combinations revealed better 
heavy metal immobilisation with 70% waste addition, except for Mo leaching rates which were 
higher than all other ratios studied (see sections 5.3.2 and 5.3.3). When compared to CEMI-only 
samples, PFA-blended samples demonstrated much lower leaching rates. For example, for 
CEMI-only with 70% EAFD addition, Zn, Cd, and Pb leaching rates exceeded the limits but none 
exceeded the limits for the CEMI-PFA mix combinations. The high retention of most of the toxic 
contaminants in the waste with PFA-blended medium is mainly achieved by chemical 
immobilisation. Physical retention in the porous structure is probably at the highest levels with 
70% waste addition. The shorter setting time with 70% waste addition may be linked to the 
formation of carbonates, silicates and aluminates, which are effective as set and strength 
accelerators. Moreover, it was observed that the waste contains chloride which may also act as 
a set accelerator. As Ramachandran (1985) mentioned, the setting time may be reduced by up 
to 4 hours by sodium carbonates.
SEM results of PFA as received showed an AI content of around 13% and silicates of 
around 20%. Moreover, the high amount of insoluble hydrate precipitation is achieved at the 
same levels of waste addition. The high amount of precipitation decreases permeability and 
hence effectivity in heavy metal retention. The ionic substitution of Ca and sulphates in the 
ettringite hydrate is most effective at 70% waste addition. Therefore, it may be concluded that
116
the level of carbonates, silicates and/or aluminates is high at mix combinations with 70% waste 
addition, which may result in the accelerated setting of the pastes.
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5.2.4 UCS Results
Figure 5.6 illustrates UCS results for PC-only samples with waste addition, followed by 
Figures 5.7 and 5.8 representing UCS results for PC mixes substituted with hlime and PFA with 
waste addition at 0%, 40% and 70% at 7, 28 (before and after immersion) and 56 days of curing. 
Figures 5.6 to 5.8 show the detrimental effect of hlime, PFA and waste addition on strength 
development at different curing ages studied. CEMI-only mix ratios had an increasing trend with 
longer curing and decreasing trend with higher waste addition. On the other hand, CEMI-hlime 
1:2 mix combinations exhibited a moderately good strength with 40% waste addition. However, 
very poor results (<lMPa) were achieved by the samples with 70% waste addition. The 
replacement of PC with hlime and the addition of waste resulted in the worst strength 
development performance compared to CEMI-only and PFA-blended samples.
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The mixture of hlime and PC may lead to the re-dissolution of heavy metals as the final 
pH is much higher than the minimum heavy metal solubility range. This is in agreement with the 
results obtained by Fernandez et al. (2003) who used both hlime and PC mixtures as stabilising 
agents. Salihoglu and Pinarli (2008) state that using hlime or PFA as components of the 
solidifying mixture has a beneficial effect on the course of the cement hydration process and 
hence the final mechanical properties of the monolith after 28 days of hardening. The most 
important difference between the literature and the present study is the amount of hlime/PFA 
used in the substitution of PC.
The substitution of binders, especially cement, in a mixture with either an alternative 
binder or waste means the reduction of the amount of PC undergoing hydration, which is 
directly proportional to the UCS. It is well documented in the literature that strength 
development mainly happens when enough calcium silicate hydrates are formed. When PC is 
replaced by a high amount of hlime, up to 80% in our case, there would not be enough hydration 
reaction left for the formation of additional calcium silicate hydrates. PC already contains a high 
amount of CaO in its composition and hence, the addition of more hlime would not have a 
significant effect on the strength development (Barbhuiya et al., 2009). Moreover, the decrease 
in strength with the addition of hlime is linked to the reaction of hlime with alumina gel. This 
reaction results in the formation of calcium aluminate hydrates which undergo conversion at the 
ambient temperature and hence a reduction in strength is inevitable (Gordon et al., 1996).
Figure 5.8 presents UCS data with both PFA and waste addition. PFA samples at all 
ratios studied achieved good strength development, all with values higher than 1 MPa. The 
increase in both waste addition and PFA ratio weakened the strength development compared to 
the CEMI-only sample but still yielded stiff products. However, the results show that the UCS 
improved even after 28 days' curing age. The replacement of PC with pozzolans (e.g., PFA) and 
the addition of waste reduced the strength development of the solid form producing lower 
values. This is in agreement with what was obtained in a similar study (Poon et al., 2001). It is 
known that PFA shows only a very weak self-hardening property when cement is lacking in the 
mixture. Even a small amount of cement addition would cause strength development; in other 
words, strength development mostly depends on cement content and curing time. A pozzolan 
may only show its binding property if enough of both Ca(0 H)2 and a moist environment exist. 
When PC is present in the system, Ca(0 H)2 (portlandite) is also available as a result of the 
chemical reaction of C2S and C3S (Atis and Bilim, 2007). On the other hand, when there is an 
excessive amount of Ca(0 H)2 in the S/S system, then the metals present in the waste may react 
with it to form insoluble compounds (metal hydroxides) which may deteriorate the hydration
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and hence weaken the strength improvement of the solidified wastes (Li et a!., 2001a; Asavapisit 
et a!., 2001). For almost all the ratios studied, the UCS values were lower after Wl. Deleterious 
swelling reactions, material loss and/or changes in the internal structure of the solid may be 
expected when the waste forms are subjected to humid conditions. Therefore, after Wl, the S/S 
product can undergo strength loss. However, CEMI-hlime 1:2 with 40% wastes addition and 
CEMI-PFA 1:2:0 and 1:4 with 40% waste addition achieved better strength development after 
Wl. These results show that those stabilised materials were chemically stabilised and there was 
no possibility of detrimental swelling reactions occurring. The results also demonstrate that the 
hydration reactions were still continuing during the immersion period for these specific mix 
ratios.
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5.2.5 Bulk Density (BD) Results
BD and MC measurements were performed to assess the quality of the solidified wastes. 
A relationship could be observed between BD and the w/s ratio. The BD values are shown in 
Figures 5.9 to 5.11. The average BD of the S/S samples ranged from 1.5 to 2.2 g/cm^ for hlime- 
blended mixtures with and without waste addition at both 7 and 28 days' curing age. The BD 
values of PFA-blended mixtures ranged from 1.7 to 2.4 g/cm^ and between 1.91 and 2.04 for 
CEMI-blended samples at the same curing age. According to Shi et al. (1995), BD values are in 
inverse proportion with w/s ratios. Increasing BD values indicate a decrease in w/s ratios. This 
observation cannot be validated with the results achieved in the present study as a constant w/s 
ratio was used for both hlime and PFA-blended mixtures. On the other hand, the results show 
that BD values increase with waste addition. Moreover, as can be seen in Figure 5.9, a very 
slightly increasing trend was observed with increased curing age. Longer curing age should 
translate into an increased BD value, which was not always the case. The comparison of hlime- 
blended mixes with PFA-blended ones shows that the BDs of PFA blends are higher those of 
hlime blends. These results are in agreement with Shi et al. (1995) as lower w/s ratios were used 
for PFA-blended mixes.
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5.2.6 Moisture Content (MC)
The measured MC of the samples was around 6-33% and is shown in Figures 5.12 to 
5.14. PFA and hlime-blended samples had a MC in the range of 6-19 and 19-33%, respectively. 
On the other hand, CEMI-only mixes had lower MC (9-20%) than hlime-blends, as expected, due 
to the different w/s ratios used in each blend. PFA-blended samples had similar MC values to 
CEMI-only blends even though they had different w/s ratios. This is mainly due to the water 
content of PFA as received. The MC of PFA as received was measured to be 13.1%, whereas 
other materials as received had MC values lower than 0.1%.
No clear trend could be determined from the MC measurements for either hlime or PFA- 
blended mixtures at all curing ages studied. In general, it was observed for both hlime and PFA- 
blended mixes, that when the BD increases MC decreases and vice versa. An exception was also 
noticed for hlime-blended mixes at 7 days' curing age where both BD and MC decreased. 
Moreover, the same occurred with all hlime blends with 70% waste addition at 56 days' curing 
age. The same behaviour was noticed at all ages for PFA blends, except for 1:4:40 with 70% 
waste addition where BD increased when MC decreased. No significant variation was observed 
for the BD values when the binder dosage increased at most of the mix ratios studied. For CEMI, 
strength development is mainly controlled by the formation of C-S-H gel and increases with 
increasing binder dosage. Weakened UCS can be explained by the reduced CEMI content used in 
the present study. Decreasing BD with increasing binder dosage and decreasing UCS values are 
due to the low CEMI content, which means lack of hydration reactions required for strength 
development. When more CEMI is added cement grouts wets the particles and contaminants 
and hence the more void space is filled, which means higher BD with increasing binder dosage.
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5.3 Leaching Test Behaviour Results
5.3.1 ANC Test Results
The ANC tests results are shown in Figures 5.15 to 5.19. ANC analysis was carried out on 
CEMI, hiime and PFA-biended samples with 0%, 40% and 70% waste addition at both 7 and 28 
days' curing age. The data show that acid addition had no significant effect on the pH of CEMI- 
hlime mixes as pH decreased very slightly with the addition of waste at 28 days' curing age. The 
pH values were higher than 7 even with 10 meq/g acid addition, regardless of the curing age and 
waste addition level. The pH values for the hlime-blended mixtures did not decrease sharply 
due to the Ca(0 H)2 content in pores, which is dissolved in the acid (Napia et al., 2012). The 
hlime-blended results showed that the leachate pH of all samples was typically between 12 and
7.2 with up to 12 meq/g acid addition and 0% and 40% waste addition for both CEMI-hlime 1:2 
and 1:4 mix ratios at both 7 and 28 days' curing age. Curing age had no significant effect on pH 
values (<1 pH unit difference) of the mixes studied. However, with 70% waste addition, pH 
slowly decreased for CEMI-hlime 1:2 and 1:4 mix ratios where it reached a value of around 6.5 
with 8  meq/g acid addition at 7 days and less than 4.8 with 10 meq/g acid addition at 28 days' 
curing age. The pH results obtained are in agreement with those published in the literature 
indicating that hlime is an alkaline material that keeps pH at a relatively high level where most of 
the contaminants are not easily soluble (Lampris et al., 2008).
CEMI-blended samples showed a reduction in pH with increasing acid additions. The pH 
values decreased to 6 when 5 meq/g or more acid was added into the mixture for both CEMI- 
only and CEMI-EAFD (70%). The pH decreased to 6 for CEMI-EAFD (40%) when 8  meq/g or more 
acid was added into the mixture. These results show that the CEMI-only mix combination is not 
very resistant to acidic environments with acid additions > 5 meq/g where the same behaviour 
was exhibited by the specimens with waste addition. PFA-blended mixtures showed a clear 
reduction in the solution pH with increasing acid addition. All ratios, with and without waste 
addition, had pH values lower than 7 when 5 meq/g or more acid was added into the mixture, 
regardless of the curing age. This behaviour suggests that hlime is resistant to acid attacks 
whereas PFA loses its alkalinity when in contact with acid even at low levels.
The pH of the mixes without waste and acid addition was around 12.2 and 12.5 for hlime 
blends and 11.5 to 12.4 for PFA blends at both 7 and 28 days' curing age whereas it was around
12.3 to 12.4 for hlime and 11.3 to 12.5 for PFA blends with waste addition. These results show 
that, with 0 meq/g acid addition, there was no significant difference in pH values when waste
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was added. Overall, most of the ANC results exceeded the WAG limit (11.9-12.2) at 28 days' 
curing age.
The pH of the mix matrix is important as it is directly related to the leaching potential of 
heavy metals. It is well known in the literature that the leaching, fixation and spéciation of 
metals in the S/S matrix are influenced by the system pH (Malviya and Chaudhary, 2006). At 
high pH levels, the leaching potential of heavy metals is expected to be low and vice versa. 
However, the amphoteric behaviour of some metals may conflict with this tendency. In the 
following sections, these behaviours of heavy metals are discussed in detail.
15
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5.3.2 Contaminant Leachabiiity and Granular Leaching Test Results
pH is an important factor in controlling the release potential of heavy metals. The pH of 
the leachate is mostly controlled by the breakdown of solid particles and species released into 
the leachate. The released species are effective in buffering the added nitric acid, which reduces 
the alkalinity of the leachate. The amount of metal in the leachate may be reduced if an 
absorbant species exists in the system (e.g., Si). The analysis of heavy metals with various 
amounts of acid addition is required in order to evaluate the effects of changes in the pH of the 
solutions on the leaching behaviour of the metals of concern. While examining the leachabiiity 
of contaminants some difficulties were encountered. The grinding of some of the PFA and slag- 
blended samples was very difficult to achieve and hence the analysis of these samples was 
performed only on selected samples with 0, 1 and 2 meq/g acid addition. Leaching tests are 
required to verify whether the S/S system is stable and resistant to aggressive conditions. 
Different leaching processes were therefore applied to test the performance of the S/S systems. 
Leaching tests were only conducted for the samples that demonstrated UCS values greater than 
1 MPa at 28 days. Therefore, granular leaching test results for CEMI-hlime mix combinations 
were only performed for CEMI-hlime 1:2:0,1:4:0 and 1:2:40 where UCS was higher than 1 MPa.
The results of the heavy metals leaching analysis of the mix ratios studied are illustrated 
in Appendix B. The results indicate that the pH of the solution plays an important role in 
controlling the release rate of heavy metals. Higher pH values mean an alkaline environment, 
which is the most suitable for the immobilisation of most heavy metals. The relationships 
between the leachabiiity of the contaminants and the leachate pH in the different mixes shed 
light on the immobilisation mechanism(s) for the various binders. The findings are in agreement 
with a previous research study which indicated the importance of pH values being in the range 
of 8.0-11.3 and 9.4-10.3, where minimum solubility of the heavy metals in the leaching medium 
could be attained (Pereira et al., 2001). According to the hydroxide solubility curve given in 
Appendix B -Figure B .ll, Cd achieves its lowest solubility around pH 11, Cu around 9, Ni around 
pH 10, Zn and Pb around 9, and Cr around 7.5. Cr and Pb being amphoteric, they may achieve 
lower solubility around lower or higher pH values than those mentioned above. The results 
shown in Appendix B exhibit a clear trend in the effectiveness of binders on reducing the 
leachabiiity of heavy metals with different acid additions and binder dosage. Accordingly, the 
following ranking was achieved for (1) hlime-blended mixes and (2) PFA-blended mixes:
(1) Cd»Se»As»Co»Cu»Ni<Sb<Zn<Cr<Ba<Mo< Pb
(2) Cu»Co«Ni<Sb<As<Cd<Se<Pb<Zn<Ba<Cr<Mo
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For the PFA-blended mixtures, pH changes were only observed with 0, 1 and 2 meq/g 
acid additions. The pH of the pore water decreases with higher PFA and acid addition alongside 
waste addition. In overall, according to these results. Mo was the problematic element, leaching 
the most at all ratios studied regardless of the curing age. In general, metal solubility increases 
with pH in accordance with the solubility of metal hydroxides. Moreover, increasing the pH up 
to 11 reduces the leachabiiity of metals (Shi and Spence, 200S). The pH-dependent leaching 
potential of metals is depicted in figures provided in Appendix B with a results summary.
Cd leaching rates was negligible for both hlime and PFA-blended mixes and mostly 
decreased with increasing pH. This may be linked to the formation of a Cd(0 H)2 precipitate which 
may be absorbed or incorporated into the C-S-H structure (Kogbara et al., 2011; Halim et 
al.,2003). In cementitious systems, Cd mostly exists in its hydroxide or carbonate form (Halim 
et al., 2004) and insoluble Cd(0 H)2 is usually formed at high pH levels.
Ni leaching rates were very low at all ratios studied. Mostly because it precipitates as 
Ni(0 H)2 at high pH (11-12) (Spence and Shi, 200S). Cd and Ni leachabiiity is usually low where 
there is high amount of Ca content in the S/S system. However, in the pH zone S-8 , it is 
expected to have a destructive effect on the cementitious material structure with acid addition, 
which results in Ca release and hence an increase in the release of other heavy metals.
The results showed that amphoteric metals (such as Pb) had higher leachate 
concentrations then the more soluble metals (Zn, Ni and Cd). Pb leachabiiity increased with 
hlime dosage, and was negligible for the PFA-blended mixes. Pb leachabiiity could be around or 
lower than its hydroxide solubility limit if Pb is incorporated into the undissolved C-S-H matrix or 
if Pb precipitates as Pb silicate compounds (Kogbara and Al-Tabbaa, 2011). On the other hand, 
Pb leaching rates are very high for the hlime-blends depending on increasing acid additions. This 
may be an indication that Pb may not be effectively incorporated into the C-S-H structure. The 
amphoteric behaviour of Pb means that its leachabiiity is low when the pH of the solution is 
around 9.S-11.S, which is also valid for PFA blends. On the other hand, Malviya and Chaudhary 
(2006) achieved the lowest Pb leaching at the pH range of 8-9 where 8 .S is accepted as the 
theoretical lowest solubility point for Pb (hlime-blends yielded pH values higher than 12 and Pb 
leaching rates were high). Pb leachabiiity increases when pH is> ll due to the formation of 
Pb(OH)s. According to Cheeseman et al. (1998) it is believed that Pb(OH)s is sorbed on C-S-H 
surfaces and hence not possibly released back into the solution. Cr usually exists in the Cr^  ^
form, which is difficult to immobilise and remains free in the leachate. The leaching of Cr may 
only be reduced if Cr®^  is reduced to Cr^  ^ which may precipitate in the insoluble form of Cr(OH)s 
(Srivastava et al., 1997). In the present study, Cr leaching was high, which meant that it mostly
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existed in the +6  form. Moiybdate (M oO / ) is the main spéciation of Mo, which is affected by 
leachate pH. It is soluble and formed when minerals containing Mo come in contact with water. 
Mo solubility is pH- dependent and Mo can exist in different valences and oxidation states as 
water soluble moiybdate salts. Mo leaching mostly increased as pH increased. This was due to 
the lack of M oO / ions because of OH' ions that replace M oO / ions. A study undertaken by 
Kindness et al. (1994) on Mo immobilisation mentions that, in PC, the insoluble Mo is distributed 
between powellite (CaMoÜ4) and a calcium aluminate sulphate hydrate with a very small 
amount in cement gel, a hydration calcium silicate (Kindness et al., 1994). Alkaline conditions 
increase the mobility and solubility of Mo (Calderone and Frankenberger, 1990). It is believed 
that the Mo leaching rate may be controlled by CaMo04  precipitation (Johnson et al., 1996).
Zn leaching rates for the PFA blends were lower than for the hlime-blends. Metals' 
leachabiiity increased in most of the mixes between 7 and 28 days curing. Zn is amphoteric and 
hence can be soluble both in acidic and/or alkaline conditions. The leachabiiity of the metal in 
the treated EAFD increased at pH >ll in line with the solubility profile of Zn(0 H)2. Zn generally 
displays an amphoteric behaviour when it is found as an oxide or hydroxide. Its solubility is 
increased with respect to zinc hydroxide formation and may dissolve in a basic environment as 
zincate (Pereira et al., 2001). According to the results obtained, in a basic environment, where 
the pH was around 10.9-12 for hlime-blended mixes and 6.5-11.9 for PFA-blended mixes, Zn 
leaching was low. Therefore, the solubility of Zn could be controlled in a basic environment. The 
same behaviour was observed in a study by Salihoglu and Pinarli (2008).
The landfill WAC for granular wastes was taken into consideration for the evaluation of 
the results achieved. The granular leaching test results are shown in Tables 5.1 to 5.3. Table 5.1 
shows the leaching test results for CEMI-only and CEMI-EAFD with both 40% and 70% waste 
addition. According to these results, none of the metals, except Mo for CEMI-EAFD with 70% 
waste addition, exceeded the WAC limits. The granular leaching test results of hlime and PFA 
blended samples showed that all Se, Cd, Cu, Co, As, Ni, Zn, Ba and Sb leaching rates were within 
the WAC limits at all ratios studied for both 7 and 28 days' curing age. Pb leaching was also 
within the WAC limits at all ratios studied, except for CEMI-hlime 1:2:40 at both 7 and 28 days 
curing age and for CEMI-PFA 1:2:40 at 7 days curing age. Cr leaching rates were lower at 28 
days' curing age compared to 7 days and were within the WAC limits at all ratios studied. Mo 
leaching rates exceeded the limits for almost all ratios studied regardless of the curing age. Mo 
leaching was only within the limits for CEMI-hlime 1:2:40 at 28 days' curing age with no acid 
addition.
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5.3.3 Monolithic Leaching Test Results
The monolithic leaching test was only applied to samples where the UCS at 28 days' 
curing age was greater than 1 MPa. The pH and conductivity measurements, required test to 
verify whether the matrix dissolves, are shown in Appendix C. The required criterion evaluation 
was done according to the procedure mentioned in Chapter 3, section 3.5.3. According to the 
results obtained, criterion 2 (see Chapter 3, section 3.5.3) does not meet the requirements and 
hence the matrix of mixes studied does not dissolve. Therefore, further investigation on 
leaching mechanisms and metals' leachabiiity quantification has to be carried out. According to 
the results, pH gradually increased with time with a slight decrease observed at the 4^ ^^, 16^  ^and 
64^  ^ days of leaching for CEMI-PFA 1:2 and 1:4 with 40% waste addition. In the monolithic 
leaching test, pH is increased with time when more soluble alkali hydroxides are released from 
the monoliths. This is mainly due to the leachant that flows through the monoliths. As 
mentioned in Poon and Chen (1999), the first release is from the surface of the monoliths where 
the release concentration increases when the leachant saturates the pores of the monoliths with 
time. Tables 5.4 to 5.6 illustrate the measured cumulative leaching of the metals, indicating that 
heavy metals' immobilisation is very weak. According to the results shown in Table 5.4, most of 
the heavy metals leaching rates exceeded the WAC limits at all ratios studied, with As doing so at 
all ratios studied. Moreover, for CEMI-EAFD with 40% and 70% waste addition, Pb, Cr, Mo, and 
Cl leaching rates were above the limits and hence, metals' fixation was not effective with 
cement-only based systems. For CEMI-hlime 1:2:40, Zn, Pb, Mo, Cl and Ba leaching rates were 
significantly higher than the WAC limits. Similar behaviour was observed for CEMI-PFA 1:2 and 
1:4 mix ratios with both 40% and 70% waste addition. In addition, the leaching rates for Cr, Mo, 
Cl and Ba were also well above the limits. On the other hand, for the rest of the heavy metals 
investigated (Cd, Sb, Se, Zn, As, Ni, Co and Cu), leaching ratios were below the WAC limits as 
shown in Tables 5.4 to 5.6. The high pH of the leachant influenced the leaching potential of 
metals. Especially the amphoteric metals lost their insolubility at higher pH values >11 (e.g., Pb). 
Soluble Pb hydroxide complexes can form at pH>12 thus increasing Pb mobility. Voglar and 
Lestan (2010) reported a similar observation. The release of Cl occurred during the first 2 days 
of leaching with very little leaching during the remaining period of the test for PFA-blended 
samples. Cl is a weakly bound species of the matrix. The Cl leaching may be due to the 
formation of mono-chloroaluminates of Ca. It is also important to note that although digital 
photographs of the monolith blocks with various binder and EAFD additions are not presented 
here, expansion, cracking and precipitation were not observed in samples after the 64 days of 
the leaching test.
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5.3.3.1 Diffusion Test - Assessment of the Leaching Mechanisms
The leaching mechanisms involved in the release of different components from the test 
pieces are shown in Tables 5.7 to 5.13 for CEMI, CEMI-hlime and CEMI-PFA mix blends with 40% 
and 70% waste addition. These results were obtained by examining the slopes and standard 
deviations in the increments according to the protocols mentioned in Chapter 3, section 3.5.2. 
The results are shown in Appendix D.
CEMI mix combinations with 0%, 40% and 70% waste addition were tested for their 
diffusion mechanism potential. The results are graphically illustrated in Appendix E and the 
summary of the analysis of these plots is given in Table 5.7 and 5.8. No particular leaching 
mechanism could be determined at any point of increments for the CEMI-only mix combination. 
No leaching mechanism could be determined for Pb, Cd, Se and Sb for CEMI-EAFD with 40% and 
70% waste addition. Diffusion control for CEMI with 40% waste addition was observed in early 
leaching intervals (1-4) for Ni, Co, Cu, Ba and Cl and wash-off for Zn Cr, Mo and As. In later 
intervals (5-8), diffusion was observed for Ba and Zn and depletion for Cr, Ni, Mo, As, Co, Cu, Ba 
and Cl. Diffusion control was determined for Ni, As, Co, Cu and Ba for CEMI with 70% waste 
addition and wash-off for Pb, Zn, Cr, Mo and Cl in early intervals. Dissolution was observed for 
Pb and Zn in later intervals and diffusion for Cr, Mo, Ba and Cl and depletion for Ni, As, Co and Cu 
in later intervals. Ba demonstrated diffusion-controlled leaching behaviour during the whole 
length of the test for CEMI-only with both 40% and 70% waste addition.
Diffusion-controlled leaching was observed for CEMI-hlime 1:2:40 in early leaching 
intervals (1-4) for Pb, Zn and Ba. However, in later intervals (5-8), depletion was observed (see 
Table 5.9). For the same system, diffusion was observed in the early intervals for Mo, Ni and Cr 
but depletion took over in the later intervals. For Cl, wash-off was determined in early intervals 
and again depletion in later intervals. This behaviour led us to conclude that, in the later 
intervals, for CEMI-hlime 1:2:40, depletion was the controlling mechanism for heavy metal 
leaching.
Overall, we can conclude that surface wash-off of the contaminants was not the 
predominant mechanism in any of the matrices studied. This could be an indication that metals 
were satisfactorily contained/encapsulated within the matrix. The results also show that Ba 
release was largely a diffusion-controlled process with a slope of 0.5.
Other notable findings are as follows:
• For all mix designs studied, no particular mechanism could be determined for Cd, Se, and
Sb. Hence, they are not included in tables 5.7-5.13.
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• No leaching mechanism could be determined at any point of increments for CEMI-hlime 
1:2:0 and CEMI-PFA 1:2:0.
• No leaching mechanism could be determined for Zn except for CEMI-hlime 1:2:40 where 
delayed diffusion control was observed in early intervals (1-4) and depletion in later 
intervals (5-8).
• No leaching mechanism could be determined for As except for CEMI-PFA 1:4:0 where 
depletion was observed in the early intervals and dissolution in the later. For CEMI- 
hlime 1:4:0 blends, diffusion was determined in the early intervals and depletion in the 
later.
• No leaching mechanism could be determined for Pb for CEMI-hlime 1:4:0, CEMI-PFA 
1:4:0 and CEMI-PFA 1:4:40 mixes. The same can be said about Cl for CEMI-hlime 1:4:0 
and CEMI-PFA 1:4:0. No leaching mechanism could be determined for As for CEMI-hlime 
1:4:0.
For the CEMI-PFA 1:2:40 mix, diffusion control was dominant in the early intervals and 
depletion in the later intervals for Cr, Ni, Mo, Co, Cu and Ba. For CEMI-PFA 1:2:70, wash-off was 
observed for Pb, Mo and Cr and diffusion for Ni, Ba and Cl; however, depletion was observed in 
the later intervals for all samples. For CEMI-PFA 1:4:40, wash-off was predominant in the early 
intervals for Cr, Mo and Cl and diffusion for Ni. In the later intervals depletion was the 
controlling mechanism for Cr, Mo, Cl and Ni. Finally, for CEMI-PFA 1:4:70, wash-off was the 
driving leaching mechanism for Pb, Cr and Mo, and diffusion control was observed for Ni and Ba 
in the early intervals. In the later intervals, diffusion was the main controlling mechanisms for 
Pb and depletion for Ni, Ba, Cr and Mo. The slope values were less than 0.5 and varied at all 
ratios and intervals studied. This demonstrates that the leaching mechanisms of the samples 
continuously change, as detailed earlier. It is clear from the tables that only very few of the 
pieces tested have a leaching behaviour that is mainly dominated by diffusion (the mode that 
the test is designed to record). A very high proportion of samples showed a mode dominated 
mostly by depletion. Hence, only some of the leaching is diffusion-controlled. Therefore, it is 
questionable whether diffusion testing (via the tank test) is an appropriate test method on 
which to base monolithic WAC for cementitious wastes. Dissolution occurred at some 
increments, contrary to the conclusion driven from the evaluation of the criterion as followed 
according to the NEN 7375 (it was determined that the matrix does not dissolve). However, the 
dissolution of some metals may happen only on the outer layer of the test piece and thus, not 
have a permanent character (NEN 7375- Environment Agency, 2004).
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Ta ]le 5.7 Diffusion Mechanism Analyses CEMI-EAFD 40%
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 NA diff wash wash wash wash wash wash diff wash
5-8 diff diff depi depi depi depi depi depi diff depi
4-7 NA diss depi depi depi depi depi depi diff depi
3-6 NA diff depI depi depi depi depi depi diff depi
2-5 NA diff depi depi depi depi depi depi diff depi
1-4 NA wash wash diff wash wash diff diff del.diff diff
Table 5.8 Diffusion Mechanism Ana
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 wash wash wash wash wash wash wash wash diff wash
5-8 diss diss diff depi diff depi depi depi diff diff
4-7 diss diss depi depi diff depi depi depi diff depi
3-6 depi depi depi depi depi depi depi depi diff depi
2-5 depi depi depi depi depi diff depi depi diff depi
1-4 wash wash wash diff wash diff diff diff del.diff wash
yses CEMI-EAFD 70%
Table 5.9 Diffusion Mechanism Analyses - CEMI-hlime 1:2:40
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 diff wash wash wash wash NA NA NA diss wash
5-8 depi depi depi depi depi NA NA NA depi depi
4-7 depi depi depi depi depi NA NA NA depi diss
3-6 diff depi depi depi depi NA NA NA diff diff
2-5 diff diff depi depi depi NA NA NA diss depi
1-4 del.diff
del.
diff diff diff diff NA NA NA
del.
diff wash
Table 5.10 Diffusion Mechanism Analyses - CEMI-PFA 1:2:40
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 diff NA wash wash wash NA NA NA wash wash
5-8 diff NA diff depi diff NA NA NA depi depi
4-7 diss NA depi depi depi NA NA NA depi depi
3-6 diss NA depi depi depi NA NA NA diff depi
2-5 depi NA depi depi depi NA NA NA diff depi
1-4 wash NA wash diff wash NA NA NA del.diff diff
Table 5.11 Diffusion Mechanism Analyses - CEMI-PFA 1:2:70
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 Diff NA Wash Wash Wash NA NA NA Diss Wash
5-8 Diff NA Depi Depi Depi NA NA NA Depi Depi
4-7 Diff NA Depi Depi Depi NA NA NA Diff Depi
3-6 Diss NA Depi Depi Depi NA NA NA Diss Depi
2-5 Diff NA Depi Depi Depi NA NA NA Diss Depi
1-4 wash NA Wash Diff wash NA NA NA Del.diff Diff
Table 5.12 DiFfusion Mechanism Analyses - CEMI-PFA 1:4:40
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 NA NA Wash Wash Wash NA NA NA Diss Wash
5-8 Diss NA Depi Depi Depi NA NA NA Depi Depi
4-7 NA NA Depi Depi Depi NA NA NA Diff Depi
3-6 NA NA Depi Depi Depi NA NA NA Diss Depi
2-5 NA NA Depi Depi Depi NA NA NA Diss Depi
1-4 NA NA Wash Diff wash NA NA NA D.diff wash
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Table 5.13 Diffusion Mechanism Analyses - CEMI-PFA 1:4:70
Increments Pb Zn Cr Ni Mo As Co Cu Ba Cl
2-7 Diss NA Wash Wash Wash NA NA NA Diff Wash
5-8 Diff NA Depi Depi Depi NA NA NA Depi Depi
4-7 Diss NA Depi Depi Depi NA NA NA Depi Depi
3-6 Diss NA Depi Depi Depi NA NA NA Diff Depi
2-5 Diss NA Depi Depi Depi NA NA NA Diss Depi
1-4 wash NA Wash Diff wash NA NA NA Del.diff wash
Note: depi: depletion; diff: diffusion; diss: dissolution; wash: surface wash-off; de/, diff: delayed diffusion 
5.4 Summary
Hlime-blended mix designs met the WAC requirements only for CEMI-hlime 1:2 with 
40% waste addition in terms of UCS, setting time and consistency results. On the other hand, 
CEMI-only blends and PFA-blended mixes (CEMI-PFA 1:2 and 1:4 with 0%, 40% and 70% EAFD 
addition) met the UK Landfill WAC requirements in terms of UCS before and after Wl, initial and 
final setting times and consistency results.
The leaching tests were only undertaken for samples having UCS values higher than 1 
MPa at 28 days' curing age. Therefore, only CEMI-hlime 1:2 with 40% waste addition was 
subjected to the leaching tests. According to the granular leaching test results at 7 days' curing 
age, most of the metals studied were within the limits except for Pb and Mo, which exceeded 
the limits at 28 days' curing age. The Mo leaching rate exceeded the limits at all ratios studied 
regardless of curing age for PFA-blended mix matrix. Pb leaching was observed for CEMI-PFA 
1:2:40 at 7 days' curing age, which exceeded the WAC limits. No other heavy metal studied 
exceeded the WAC limits at all ratios studied regardless of curing age.
When the monolithic leaching test was conducted, it was observed that for CEMI-hlime 
1:2:40, Zn, Pb, Mo, Cl and Ba leaching rates were significantly higher than the WAC limits and a 
similar behaviour of heavy metals was observed for CEMI-PFA 1:2 and 1:4 with both 40% and 
70% waste addition. Cr, Mo, Cl and Ba leaching rates were well above the limits. The rest of the 
heavy metals investigated, namely, Cd, Sb, Se, Zn, As, Ni, Co and Cu, had leaching ratios well 
below the WAC limits. Overall, PFA-blended samples demonstrated good physical integrity but 
exhibited poor chemical immobilisation properties for heavy metals. In particular. Mo leaching 
did not meet the requirements at all ratios studied in any of the leaching tests conducted.
In summary, although the granular leaching test is known as the worst case scenario 
where the mix matrix is spiked with acid additions, a condition that leads to the dissolution of 
metals, the granular leaching demonstrated much better performance in heavy metal retention 
when compared to rates of metals leached out of the monolithic leaching test samples.
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CHAPTER 6
EFFECT OF EAFD ADDITION ON S/S PRODUCTS USING PC/LGMgO
6.1 Introduction
Some of the results reported in this chapter have been published in Chemosphere, 
Volume 8 6 , issue 8 , pages 789-796 in February, 2012 with the title "Solidification/stabilisation of 
electric arc furnace dust using low grade MgO".
LGMgO appears to be one of the most appropriate binding materials used for the 
treatment of hazardous wastes. It has many advantages over cement, including minimal 
environmental impact and low solubility. LGMgO is effective both in acid neutralisation and 
metals precipitation due to its high alkaline specification and requires less Mg(0 H)2 in acid 
neutralisation (Chimenos et al.,2006). Therefore, this chapter addresses the effect of EAFD 
addition on S/S products using LGMgO-blended mix combinations. LGMgO is incorporated into 
the mix matrix at ratios varying between 1:2 and 1:4, with EAFD additions of 0%, 40% and 70%. 
Relevant physical and chemical properties were tested and evaluated using UCS, setting time, 
consistency and leaching properties (ANC, granular and monolithic test) of the S/S products at 
0%, 40% and 70% waste addition and the corresponding results are presented in the following 
sections of this chapter.
6.2 Physical and Chemical Characteristics
6.2.1 Consistency and Setting Time Results
The consistency of the fresh grouts are reported as average values of 7, 28 (before and 
after Wl) and 56 days in Figure 6.1, including error bars with standard deviation. CEMI-LGMgO 
samples at 0%, 40% and 70% waste additions exhibited a consistency between 160 and 180 mm, 
which met the WAC requirements. The consistency results vary with different binders and w/s 
ratios. The feasible w/s ratio was decided based on the consistency values as consistency 
increased with increasing w/s ratios. In order to achieve reasonable grout workability and UCS 
values higher than 1 MPa at 28 days curing age, the w/s ratio was reduced from 0.40 to 0.30 
after waste addition. The effect of the w/s ratio on strength and consistency was similar to 
other reported findings (Means et al., 1995; Boutouil and Levacher, 2005; Malviya and 
Chaudhary, 2006).
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As mentioned in the previous chapter, PFA demonstrated better consistency 
performance than hlime blends. LGMgO consistency results achieved the best workability 
amongst all the binders used in the study at all ratios studied. The cement hydration reactions 
required more water in LGMgO blends with waste addition compared to PFA and slag blends as 
it requires the formation of more hydrates for strength development. However, it may be 
suggested that the contaminants in the waste have a more detrimental effect on hlime and 
LGMgO blends when compared to both PFA and slag blends.
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Figure 6.1 The effect of EAFD on consistency (CEMI-LGMgO)
*Error bars with standard deviations included
Figures 6.2a and 6.2b illustrate the initial and final setting time results for CEMI-LGMgO 
at 1:2 and 1:4 ratios with 0%, 40% and 70% EAFD addition, respectively. Figure 6.2a shows that 
the addition of EAFD retarded both the initial and final setting times compared to the control. At 
40% waste addition, there was a 6 % and 70% increase in initial and final setting times, 
respectively. The same behaviour was noticed at 70% waste addition. However, Figure 6.2b 
shows that for CEMI-LGMgO-l:4 at 40% EAFD addition, there was a noticeable improvement in 
the setting times (34 and 16% decrease, respectively) compared to the control sample. The 
results show that 70% waste addition may cause severe retardation effects and result in 
incomplete immobilisation or an unacceptable physical form for the treated waste. The addition 
of PbO retards normal hydration; Cd content in the EAFD may reduce the setting time whereas 
Zn induces the occurrence of flash setting and then regains plasticity after stirring (Diez et al., 
1997). A correlation between setting time and leaching exists where the poor immobilisation of 
the S/S product may lead to the leaching of heavy metals. Poor immobilisation could be 
explained by the deterioration of cement hydration due to the existence of heavy metals, which 
could also be explained with the retardation effect on the setting time (Malviya and Chaudhary,
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2006). Immobilisation can be either physical (physical entrapment/encapsulation of the 
pollutants within the cement matrix via solidification) or chemical (conversion of the pollutants 
from a soluble form to an insoluble one -  e.g., formation of hydroxides in the case of heavy 
metals-chemical stabilisation) or can occur through uptake by the cement hydration products. If 
the final product is required to be solidified, then chemical stabilisation/immobilisation is not 
enough as the product has to meet strength development requirements.
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Figure 6.2a The effect of EAFD on the setting time for CEMI-LGMgO 1:2
*Error bars with standard deviations included
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Figure 6.2b The effect of EAFD on the setting time for CEMI-LGMgO 1:4
*Error bars with standard deviations included
Setting time is affected by the extent of the hydration reaction process which, in turn, is 
affected by the chemistry/chemical species present within the cement matrix. Setting time 
could therefore give an indication of whether or not the hydration process is taking place but is 
not necessarily an indication of whether or not chemical immobilisation has occurred. When the 
waste is incorporated into the matrix, the setting and curing of the cement could be inhibited as 
the contaminants coating the reacting surfaces may interfere with the hydration process. For
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example, the retarding effect of Pb and Zn on cement hydration is due to the rapid formation of 
a gelatinous coating of salts around cement clinker grains that are needed for the hydration 
process to proceed. The hydration process and hence the solidifying/stabilising power of the 
cement is retarded due to this gelatinous coating of salts which inhibits contact between cement 
grains and water (Malviya and Chaudhary,2006).
It is well documented in the literature that EAFD has a retarding effect on the hydration 
process of PC due to the presence of Pb and Zn in the EAFD. The effect of Pb and Zn on the 
setting time, on the other hand, is strongly dependent on the matrix type (Tashiro et al., 1977; 
Thomas et al., 1981; Ortego et al., 1989; Trussell and Spence, 1994; Gervais and Ouki, 2002). 
The components of the waste and the mix design formulations used (i.e. water/cement and 
cement/solid ratios) have significant effects on the properties of the final product in terms of 
handling, durability and leaching characteristics. Hence, the type of matrix has a direct effect on 
the hydration reactions and hence on the hydration products which, in turn, will affect both 
strength and setting time (retardation/acceleration). Depending on the quantity and type of 
waste species, the hydration can be retarded in the solidified/stabilised product. The gel 
formation step of cement hydration is altered by the inclusion of waste. Moreover, the amount 
of cement needed for the hydration process would affect the hydration process and hence 
cement set and strength development. When the cement grains are surrounded by Pb ions, for 
instance, the hydration reactions are hindered and hence strength development and 
immobilisation may not occur.
Shi and Spence (2004) suggested that some contaminants may show different 
interference effects on different types of cementing materials. CEMI-LGMgO 1:4 exhibited no 
interference that may affect cement hydration at 40% waste addition. This could be linked to 
the false setting, defined as the thickening effect caused by the formation of too much zinc 
hydroxide (Zn(0 H)2) on the cement particles (Gervais and Ouki, 2002; Salihoglu et al., 2007). 
The retarding effect of Zn and Pb are well-known and consistent in the literature. Zn and Pb 
form a protective layer around the cement particles that produce a hydroxide gel (Fernandez- 
Olmo et al., 2001; Hills et al., 1993; Asavapisit et al., 1997). However, Lea (1970) suggested the 
possibility of the early coating of calcium aluminate hydrate particles, which may increase the 
number of particles available for nucléation and increases the speed of crystal growth once all 
the retardant has been adsorbed. In summary, at 0%, 40% and 70% waste additions, both CEMI- 
LGMgO 1:2 and 1:4 mix ratios exhibited setting times all well within the WAC limits.
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6.2.2 UCS Results
As mentioned earlier, the w/s ratio of CEMI-LGMgO mix combinations was reduced from 
0.40 to 0.30 in order to achieve a reasonable workability and UCS values higher than 1 MPa at 28 
days curing period. It was observed that decreasing the water content improved the strength, 
whereas increasing the binder and waste addition had a negative effect on the compressive 
strength of the solidified products, as also supported by some other researchers (Dermatas et 
al., 2006).
Prepared samples of CEMI-LGMgO 1:2 and 1:4 ratios at 0%, 40% and 70% waste 
additions were cured for 7, 28 (before and after Wl) and 56 days in triplicates and the test 
results are depicted in Figures 6.3a and 6.3b, respectively. At 7 days, UCS results for the samples 
with waste addition were low, which shows that the hydration process started after the first 7 
days of curing as the strength was higher at longer curing periods. Waste additions have a 
damaging effect on the C-S-H hydration, which results in low strength. It is believed that the 
retardation of cement hydration reaction C-S-H is caused by the precipitates formed by metal 
ions on cement clinker grain (Hills et al., 1993). UCS tests were performed at different time 
intervals to monitor the effect of the changes in the mineralogical composition of waste, with 
increasing time and environmental exposure. Figures 6.3a and 6.3b reveal that longer curing age 
means better strength development, which was true for all mix combinations except CEMI- 
LGMgO 1:2 with 70% waste addition at 56 days of curing. The observed adverse effect of waste 
addition on UCS is consistent with the literature (Asavapisit et al., 2000; Fernandez-Olmo et al., 
2001; Salihoglu et al., 2007; Lampris et al., 2008, 2009). Caldwell et al. (1999) explained the 
weaker strength values after Wl with the expansion or non-uniform saturation of the waste.
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The existence of EAFD containing both ZnO and PbO in the matrix retards the hydration 
process and hence weaker UCS values are obtained. It is well-known that during the formation 
of main cement hydration reaction products, the Zn in the EAFD produces a protective layer by 
forming Zn(0 H)2 around the cement particles and hence retards the hydration reactions relevant 
for UCS development. These results are in agreement with those obtained by other researchers 
(Hamilton and Sammes, 1999; Gervais and Ouki, 2002; Skvara et al., 2002; Salihoglu et al., 2007). 
It is important to note that at 40% EAFD addition, higher UCS values at 28 and 56 days were 
obtained compared to the control for both 1:2 and 1:4 CEMI-LGMgO mix design ratios. These 
results demonstrate that the hydration process is more active after 7 days of curing and hence 
strength development continues up to 28 and 56 days. At 70% waste addition, the hydration 
process was hindered and 40% was an optimum level of waste addition as it was not delaying 
the hydration process. Overall, all samples at both 40% and 70% waste addition met the WAC 
limits, where UCS28days> 1 MPa.
6.2.3 Bulk Density(BD) Results
BD calculations were based on triplicates and the average values are illustrated in 
Figures 6.4a and 6.4b, respectively. Any BD value of the triplicates more than 10% different 
from the average is discarded but none of the prepared cube specimens presented that 
behaviour. The BD values varied between 1.80 and 2.30 g/cm^ for both CEMI-LGMgO at 1:2 and 
1:4 ratios with 40% and 70% waste addition. These results show that waste addition did not 
have a significant effect on the BD values. Moreover, no significant difference was observed
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within 1, 28 and 56 days curing age. Hence, curing age has had a negligible effect on the BD of 
the specimens. How ever, the results show th a t the BD values increased w ith  m ore waste  
addition whereas UCS values decreased w ith m ore waste addition. The density o f waste is little  
higher than LGMgO and PC; hence, a slight increase in BD was normal. The reduction in UCS 
with increasing waste was linked to  the heavy metals content of the waste which inhibit the  
hydration and hence, strength developm ent.
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Figure 6.4 BD results for CEMI-LGMgO
(a) CEMI-LGMgO 1:2 (b) CEMI-LGMgO 1:4
*E rrorbars  with standard deviations included
6.2.4 Moisture Content (MC) Results
The MC of the samples indicate the am ount of w a te r left behind in the sample a fte r the  
completion of hydration reactions at d ifferent curing ages, i.e., 7, 28 and 56 days. The samples 
w ere dried o ff in an oven after the com pletion o f strength m easurem ents. The percentages of 
MC for each sample studied are illustrated in Figures 6.5a and b, respectively.
The MC o f the specimens tested may be linked to  the degree of hydration reactions 
occurring when the cem ent particles come in contact w ith w ater and w ith the w aste addition. 
The MC values w ere w ithin 9 and 16% at d ifferent curing ages. The values increased w hen waste  
was incorporated into the mix m atrix due to  the detrim ental effect of waste constituents on the  
hydration reactions. The cem ent particles rem ained un-hydrated as the cem ent grains w ere  
surrounded by metals that inhibit hydration reactions. M oreover, the hydration of the  samples 
with waste addition continued up to  56 days' curing age and hence the am ount o f w a te r content 
was reduced. On the o ther hand, hydration seemed to  be partially com pleted fo r the sample 
w ithout waste addition as there  was no factor th a t could inhibit the hydration reactions, i.e..
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waste constituents. The same behaviour was observed fo r CEMI-LGMgO at 1:4 ratios w ith  waste  
addition, w here the hydration continued to  occur up to  56 days' curing age. For CEMI-LGMgO at 
1:4 ratios with 40%  waste addition, there was a negligible reduction in the MG value w ithin the  
curing ages and hence very little effect on the hydration reactions.
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Figure 6.5 MG results of CEM-LGMgO mix combinations 
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In the following sections, the leaching behaviour o f the samples prepared are analysed 
and discussed in order to  determ ine the quality o f the S/S products and to  sim ulate the potential 
of heavy metals leaching in a landfill environm ent.
6.3 Leaching Test Behaviour Results
6.3.1 ANC Test Results
Figures 6.6a-d illustrate the ANC results obtained w ith 0%, 40%  and 70%  w aste  
additions for CEMI-LGMgO at 1:2 and 1:4 mix ratios at both 7 and 28 days' curing age. The main 
target of this test is to  maintain alkaline conditions and minimise leaching by m aintaining the  
higher buffering capacity of the S/S product.
The results showed th a t the leachate pH o f all samples was mostly alkaline, typically  
around 8 .0-12.6 , up to  10 m eq/g  acid addition at 0% and 40%  waste additions for both CEM I- 
LG M gO -l:2  and 1:4 mix ratios. However, pH slowly decreased for CEMI-LGMgO at 1:2 and 1:4 
mix ratios w ith 70% waste w here it reached a value o f around 6 at 10 m eq /g  acid additions. The  
pH of the mixes w ithout waste and acid addition was around 12.3 to  12.6 but around 11.1 to
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12.2 with waste addition. Many metal hydroxides such as Zn and Pb may exhibit relatively high 
solubility at this leachate pH range. The results obtained up to 2 meq/g acid addition were 
consistent with the literature. Lampris et al. (2009) obtained similar results with air pollution 
residues. Overall, pH decreased to 11.1 at CEMI-LGMgO 1:4 with 40% waste addition but 
increased in the range of 12.3 to 12.6 with no waste or acid additions. However, the rest of the 
ANC results met the WAC limits where threshold pH values without acid additions were stable, 
between 11.9 and 12.2 at 28 days. The pH values and ANC test results are important indicators 
for the metal leaching potential as they are related to the hydration products formed, which, in 
turn, are related to the solidified product composition, as reported by other studies (Stegemann 
et al., 1997; Stegemann and Buenfeld, 2002a).
Poon and Chen (1999) studied the relationship between pH values and Ca 
concentrations as they believed that the variations in pH values would be linked to the Ca 
concentrations released into the leachate. The changes in the pH values of the leachate were 
related to the dissolution of Ca(0 H)2. The researchers believed that as pH increases the Ca 
concentrations also increase, hence the formation of C-S-H gel and consequently the hydration 
taking place. When the pH is low, the concentration of Ca is also low and hence, there is less 
formation of C-S-H gel and strength development. Moreover, the poor micro-structural 
development of the solidified waste which has a high level of porosity is also linked to the 
hydration retardation due to low pH. It may be concluded that in this study the leaching 
potential of heavy metals was low at higher pH values. In the pH range 7-12, it is expected that 
metal leaching will be limited. However, the amphoteric behaviour of several metals should also 
be considered as some metals can be soluble in both alkaline and acidic environments. Zn 
possesses amphoteric properties and its stability is low in the pH range 9-11 but may be 
completely stabilised at pH 7. At pH 8-9, Pb leaching could be quite low. Cd can be stable at pH 
11-13 whereas Cr can be stabilised at pH range 8-10 ( Bhatty, 1987; Srivastava et al., 2008). The 
curing period of the stabilised products can also affect the pH values. However, the results 
showed no significant difference in pH values between 7 and 28 days. The reactions occurring in 
the hydrating mixture had a direct effect on the ANC and hence, on metal leaching. The amount 
of un-hydrated cement decreased in the main specimens that were cured for longer times, 28 
days compared to 7 days, due to the development and increase of the main hydration products. 
Ca(0 H)2 and C-S-H crystalline as main products are more resistant to acidic conditions than un­
hydrated cement.
LGMgO is more alkaiine than PC, even under the worst possible conditions where the 
acid addition goes up to 16 meq/g (acid normality 2N). pH values were kept in the range of 7.5-
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8.7 for CEMI-LGMgO at a 1:4 ratio where LGMgO content was dominant compared to cement. 
On the other hand, for CEMI-LGMgO at a 1:2 ratio, the pH values went down to 2.5 and the 
highest pH value recorded was 8.3. Moreover, 40% waste addition did not have any detrimental 
effect on the pH as values ranged from 8.03 to 12.2 where the solution was still alkaline up to 10 
meq/g acid addition. Even with further acid additions, pH only decreased to 4.03, which was not 
as significant as the decrease observed with 70% waste additions (the pH went down to 0.49 
with 16 meq/g acid additions).
6.3.2 Heavy Metals Leaching with Respect to Acid Additions
Between 1 to 16 meq/g of nitric acid was added to simulate the impact on heavy metals 
leaching when S/S products are disposed of in a landfill environment, even under the worst 
possible conditions. The results, illustrated in Figures 6.7a-c and 6 .8 a-c at 7 days and 6.13a-c and 
6.14a-c at 28 days, show that there is no heavy metals leaching with CEMI-LGMgO either at 1:2 
or 1:4 ratios with no waste addition.
Figures 6.7-6.18 illustrate the heavy metals leaching potential of specimens at both 7 
and 28 days of curing age. The amount of acid addition increased at each level of testing. The 
leachant consists of nitric acid and deionised water. Cr leaching rates reflect the total Cr 
readings. Based on the results obtained, Cr, As, Ba, Co and Zn concentrations in the leachate 
were lower than the WAC limits for all ratios studied, both at 7 and 28 days' curing age. Cu and 
Sb did not exceed the leaching limits at 7 days' curing age but they did so with 70% waste 
additions at 28 days. Cu and Sb exceeded the limits when the acid addition was greater than 12 
meq/g, as both are soiuble at a very low pH values. Lower metal concentration rates were 
obtained at ratios where more LGMgO was used. Hence, this is linked to the fact that metal 
concentration rates are strongly related to the amount of binder used.
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Mo leaching was observed at most of the ratios studied, with and without acid addition 
and regardless of the curing age. The ANC test results showed that high Mo leaching from the 
LGMgO blended mix samples indicate minimal chemical fixation at all ratios studied. The use of 
additives in the formulation of the mix designs might be helpful in stabilising the pH levels so 
that all the metals studied could be immobilised. On the other hand, one of the most 
problematic metals e.g., Pb, due to its high presence in the waste itself, leached at a 1:4 ration 
with 70% waste addition and 12 meq/g or higher acid additions at 7 days but was within 
acceptable limits at 28 days' curing age. The mobility and hence the solubility of Cd is well 
associated with low pH values as a function of waste/binder ratios. Cd leaching levels are mostly 
high when acid addition is higher than 7 meq/g and the pH level is below 7. This therefore 
demonstrates that the Cd leaching rate increases depending on the pH condition of the 
environment. Acidic environments would be the worst for Cd as they induce the leaching 
potential of the metal in question. Cd leached highly and exceeded the WAC limits at 1:2 and 
1:4 ratios with 70% waste addition. These results are consistent with the literature where a 
similar result for Cd leaching was obtained (Andres and Irabien, 1994a). On the other hand, Sb 
leaching was only observed at 14 and 16 meq/g acid and 70% waste additions, where the pH 
decreased to around 0.5. Hence, Sb is resistant to leaching and is difficult to mobilise as it hardly 
solubilises in either average acidic or basic environments.
Cu only leached at ratios of 1:2 and 1:4 with 70% waste additions where the leaching 
only started after 12 meq/g acid additions whereby the pH of the samples went down to around 
0.5. It is a predictable metal which can preserve its stability and solubility both under acidic and 
alkaline conditions.
Overall, the ANC test results showed that it was possible to reach the leaching potential 
of heavy metals tested in this study and to predict their behaviour under different pH- 
dependent environments. It was also observed that in order to obtain metal concentrations 
lower than the limits; the use of additives (e.g., calcium oxide or calcium hydroxide) is required 
in the binder formulations. Overall, the optimum and the lowest leaching rates were achieved at 
the central point of the experimental design which was CEMI-LGMgO at a 1:4 ratio and with 40% 
waste addition.
The main influence on the S/S process was caused by the waste/binder ratios where, 
with lower waste additions, the metals' leaching was well below the limits. The leachate pH 
values are strongly interrelated with the mobility of the metals. Hence, it was observed that the 
behaviour of the corresponding hydroxides with the pH determines the potential metals' 
concentration in the leachate. Thus, the lowest metal concentration in the leachate is obtained
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in the range of pH values in which metal hydroxides have minimum solubility. Minimum 
solubility is reached at different pH values depending on the metal; determining the optimum 
pH value for a minimum metallic solubility would be the main objective in the process 
performance, taking into account the fact that the alkalinity of the system is strongly related to 
the waste/binder ratio (Andres and Irabien, 1994a).
Lampris et al. (2008) stated that, in the pH 11.5-12.1 range, many metal hydroxides 
exhibit high solubility, such as Zn and Pb. In contrast, the results achieved in the present study 
showed no Zn leaching at any point where pH values were in the range of 0.49-12.38. 
Moreover, no Pb leaching was observed either, except at a 1:2 ratio with 70% waste addition, 
where the leaching rate exceeded the limits at pH value of 8.28 at 28 days and at a 1:4 ration 
with 70% waste addition at pH value of 3.24 at 7 days' curing age. In contrast to Lampris et al. 
(2008), another study carried out by Bhatty et al. (1999) obtained results consistent with the 
results achieved in the present study. Accordingly, reduced lead leachability can be achieved at 
both low and high pH levels, but increases at intermediate pH values. Pb, being an amphoteric 
metal, could be expected to dissolve in either acidic or basic environments. Moreover, in 
another study a significant effect of nitric acid addition was observed on the reduction of Pb 
leachability (Mitrakas et al., 2007). According to this study, the Pb leaching rate decreased as 
the dose of nitric acid increased. This study also revealed that nitric acid addition decreased the 
pH values alongside the concentration of COs^  and OH". The decreased concentration of COs^  
and OH" neutralisation depresses the formation of Pb aqueous complexes that result in lower 
concentrations of Pb in the leachate.
The following section discusses the granular leaching test carried out to examine the 
leaching potential of heavy metals in the leachate when it is not exposed to an acidic 
environment.
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Figure 6.7(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:2:0 at 7 days
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Figure 6.7(b) Leaching rates of Mo, As, Go, Cu versus acid addition for CEMI-LGMgO 1:2:0 at 7 days
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Figure 6.7(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:2:0 at 7 days
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Figure 6 .8 (a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:4:0 at 7 days
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Figure 6 .8 (b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:4:0 at 7 days
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Figure 6.8(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:4:0 at 7 days
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Figure 6.9(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:2:40 at 7 days
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Figure 6.9(b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:2:40 at 7 days
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Figure 6.9(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:2:40 at 7 days
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Figure 6.10(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:2:70 at 7 days
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Figure 6.10(b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:2:70 at 7
days
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Figure 6.10(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:2:70 at 7 days
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Figure 6.11(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:4:40 at 7 days
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Figure 6.11(b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:4:40 at 7
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Figure 6.11(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:4:40 at 7 days
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Figure 6.12(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:4:70 at 7 days
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Figure 6.12(b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:4:70 at 7
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Figure 6.12(c) Leaching rates of Cr, Ni, Ba, Sb versus acid addition for CEMI-LGMgO 1:4:70 at 7 days
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Figure 6.13(a) Leaching rates of Pb, Cd, Se, Zn versus acid addition for CEMI-LGMgO 1:2:0 at 28 days
10
9
8
bO 7
'b3 6
E_ 5
Si 4
2 3bO
2leuro 1
(U_i 0
■ X
X X
X A  A
♦  Mo 
_ As 
ACo 
XCu
-} i- 
10 15 20
Acid Addition (meq/g)
Figure 6.13(b) Leaching rates of Mo, As, Co, Cu versus acid addition for CEMI-LGMgO 1:2:0 at 28
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6.3.3 Granular Leaching Test Results
This test aims to examine the release rate of constituents from a material structure like 
low- permeability compacted granular materials. The experimental conditions required for the 
granular leaching test were similar to those necessary for the ANC test. Hence, those samples 
without acid addition were considered for the analysis of contaminants. The heavy metal 
concentrations of the extracts for the waste sampies without acid addition are shown in Table 
6.1a and 6.1b at 7 and 28 days, respectively.
Based on the results, it is clear that the curing age has no significant effect on the pH 
values as the difference between the pH values obtained at both curing ages are almost 
negligible. For CEMI-LGMgO at 1:2 and 1:4 ratios with no waste addition, the pH remained 
alkaline. The effect of LGMgO content is an apparent factor on pH as the addition of LGMgO 
yielded higher pH values at both CEMI-LGMgO 1:4:0 and CEMI-LGMgO 1:4:40 ratios. The 
alkalinity of LGMgO affects the pH levels of the mix designs and hence, the leaching potential of 
heavy metals they contain.
The granular leaching test results indicate fixation of all metals (Pb, Cd, Cr, Zn, As, Co, Cu, 
Ni, Ba, Sb and Se) at all CEMI-LGMgO ratios and percentages of waste addition, except for Mo 
which leached at CEMI-LGMgO 1:2 and 1:4 at 70% EAFD addition at both 7 and 28 days curing 
age. Tables 6.1a and 6.1b clearly show that, as expected, there is no heavy metal leaching at 
either CEMI-LGMgO 1:2 and 1:4 ratios where there is no waste. However, none of the metals 
studied leached at CEMI-LGMgO 1:2 and 1:4 with 40% waste addition. All the leaching rates at 
those ratios were within the WAC limits and hence met the leaching requirements with 0 meq/g 
at both 7 and 28 days' curing age.
This study aimed to determine the optimum conditions that wili result in a final product 
that meets the WAC and hence, can be disposed of safely in a landfill environment. The results 
show that the mix design CEMI-LGMgO 1:4:40 produced the best results and met all WAC limits. 
The optimum ratio was selected as 1:4:40 as we targeted to replace CEMI with LGMgO at the 
highest possible ratio with the maximum use of waste in the mix blends.
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6.3.4 Monolithic Leaching Test Results
This test is relevant for monolithic materials and materials that behave as monoliths. It 
is possible with this test to determine the differences between the solubility control and the 
dynamics of leaching. Moreover, it allows the selection of surface wash-off impacts and the 
quantification of the release of elements. A projection for the long-term performance is also 
possible as demonstrated by the results obtained by Dijkstra et al. (2006). This test aims to 
assess mass transfer rates in monolithic materials. When water is diverted to flow around a 
relatively impermeable material, the release rate of material constituents can be assessed by 
this test (See Chapter 3, section 3.5.2). A total of 13 trace metals, namely, Pb, Cd, Cr, Mo, As, Ni, 
Co, Cu, Se, Sb, Ba, Zn and Cl were analysed. The results obtained and the WAC limits are shown 
in Table 6.2 and more detailed results in the form of figures can be found in Appendix E. The 
figures were prepared to show the data as log plots of measured cumulative leaching (Sn*) versus 
time. The results indicate that the leachability of heavy metals increased as the percentage of 
EAFD in the sample increased. Moreover, as waste was introduced into the mixture, the 
leaching of certain metals, mainly Cr and Pb, become noticeable. Generally, the cumulative 
fraction of metals leached increased as the percentage of EAFD in the mixture increased.
The leaching results were evaluated based on the ability of the solidified products to 
meet the proposed UK landfill WAC limits for the leachability of monolithic wastes as given in 
Table 6.2. Pb leached at CEMI-LGMgO 1:2:0,1:4:40 and 1:4:70 but was within the limits at CEMI- 
LGMgO 1:2: 40 after 4 days. The level of Pb and Mo leached from the untreated EAFD exceeded 
the WAC leaching threshold values even though they exist very little in the as-received EAFD 
when compared to Zn. Therefore, the effective immobilisation of Zn, Pb and Mo is very 
important from a waste management perspective. Zn, the metal component present at the 
highest concentration in this waste, met the leaching test requirement except for 4 days at both 
CEMI-LGMgO 1:4:40 and 1:4:70. Mo, Cd and Cr leaching exceeded the limits for all mix designs 
with waste addition studied. The results show that this system has proved that it can effectively 
immobilise the most problematic metal, Zn, in the waste but is not effective enough to stabilise 
the others. The Cd leaching rate gradually increased from 0 at 0.25 days up to 12 mg/m^ as a 
function of time and remained constant up to 64 days. Cr leaching was quite rapid for all mix 
combinations except for CEMI-LGMgO 1:2 and 1:4 without waste addition. The detailed 
chemical composition of EAFD (see Chapter 3, Table 3.6a) shows that the Cr content is 0.82% (as 
Cr total). The elemental composition of the binders showed that CEMI and LGMgO contain
0.05% and 0.03% Cr, respectively. This can explain Cr leaching from the control samples.
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However, these amounts are well below those leached by the samples containing EAFD (the 
leaching rates increased from 1.2-4.8 mg/m^ range to 17-290 mg/m^ levels with waste addition). 
It is quite important to point out that the ICP-OES measures Cr as total and hence no 
differentiation is made with respect to the type of Cr species leached by these systems. Zn 
leached up to 59 mg/m^for CEMI-LGMgO 1:4:70 at 64 days but was within the WAC limits for all 
the other mixes studied. This result can be explained by the fact that an impermeable layer of 
calcium zincate may be forming on the cement grain surfaces as a result of Zn and cement 
interaction, inhibiting the release of metal from the matrix, as suggested by Hills et al. (1993). 
Moreover, Co, Cu, Ba, Sb, As and Ni leaching rates were within the WAC limits at all ratios 
studied. The Se leaching rate was only slightly higher than the WAC limits at 4 days but was 
within the limits at 64 days for all ratios studied.
Overall, this study demonstrated better performance with LGMgO compared with other 
binding materials (e.g., hlime). 50% less metal leaching was achieved with LGMgO compared to 
results obtained by Salihoglu and Pinarli (2008) which were mainly based on CEMI-only and 
CEMI-hlime mix combinations.
6.3.4.1 Diffusion Test - Assessment of the Leaching Mechanisms
According to the standard (NEN 7375:2004), "the diffusion test is used to determine the 
leaching of inorganic constituents from moulded or monolithic materials" (see Chapter 3, section 
3.5.3). This test is performed under aerobic conditions. The extent of surface rinsing can be 
determined using this test and leaching over longer periods can be estimated by the effective 
diffusion coefficient. The leaching of inorganic constituents from monolithic materials was 
discussed in previous section where the aliquots were analysed using ICP-OES for trace metal 
analysis. This section is prepared to address the surface rinsing and the effective diffusion 
coefficient results achieved. The diffusion leaching mechanisms assessment was undertaken 
after analysing the eluates. The extractions were assessed in terms of both pH and conductivity. 
This was required to determine the behaviour of the leaching water when in contact with the 
monolithic solid material. Before proceeding further into the leaching mechanisms 
determination, three criteria were considered (see Chapter 3, section 3.5.3). The detailed 
analyses of the criteria are given in Appendix D. According to those criteria, the mix matrix of the 
material does not dissolve and hence it was possible to determine the measured and derived 
cumulative leaching, establish the leaching mechanism and determine the surface wash-off in 
combination with the diffusion-controlled leaching.
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Tables 6.3 to 6.7 illustrate the leaching mechanism determined in the release of different 
components from the test piece. These results were obtained by the examination of the slopes 
for different leaching intervals and the concentration factors calculated (see Appendix D). 
According to the leaching mechanisms determined, four different trends were noted:
1. Diffusion control,
2. Initial resistance to leaching, followed by diffusion,
3. Initial rapid wash-off followed by diffusion control, and
4. Linear relationship between the cumulative fractions leached and time.
These trends are similar to those obtained by Stegemann and Cote (1988). According to 
the results and the analysis, the leaching mechanism could not be determined at any point of 
increments at CEMI-LGMgO 1:2:0. No diffusion coefficient could be determined for specific 
components due to the dissolution and wash-off of only the outer layer of the monolithic 
material.
Diffusion control for CEMI-LGMgO 1:4:0 was observed in early leaching intervals (1-4), 
with the depletion of Cr and Cu at later intervals (2-8) where diffusion-dominant leaching was 
observed for Cr and depletion for Cu. Almost all metals leached through depletion as a 
dominant mechanism. For CEMI-LGMgO 1:2:40 mix combination, mostly diffusion-controlled 
leaching was observed for Cr, Ni, Mo , Co, Cu and Cl, whereas in later leaching intervals 
depletion-dominant leaching was observed for Se, Zn, Cr, Ni, Mo, Co, Cu from the specimens.
Diffusion was observed at early leaching intervals (1-4) for Cd, Ni, Mo, Co, Cu, Ba and Cl 
for CEMI-LGMgO 1:2:70 whereas dissolution was observed for Pb and Zn at later leaching 
intervals. Wash-off was observed at early leaching intervals for Pb, Zn and dissolution at later 
leaching interval. In later leaching intervals, Cd, Cr, Ni, Mo, Co, Cu, Ba and Cl depletion was 
observed. For CEMI-LGMgO 1:4:40, diffusion was observed at early leaching intervals (1-4) for 
Cd, Zn, Co, Cu and Cl in contrast to mostly depletion in later leaching intervals. Wash-off was 
observed for Pb, Se and Cr in early leaching intervals (1-4) and dissolution for Pb in later 
intervals. Se and Cr showed depletion in later leaching intervals. For CEMI-LGMgO 1:4:70, 
diffusion was observed at early leaching intervals (1-4) for Cd, Se, Cr, Co and Cu and depletion in 
later leaching intervals. Zn and Cl showed wash-off in early leaching intervals (1-4) and 
dissolution for Pb and Zn in later intervals. The remaining metals showed depletion in later 
leaching intervals. Depletion-controlled release was observed throughout most of the testing 
(intervals 1-7) for each component and was the dominant leaching mechanism for all LGMgO- 
blended mix ratios studied.
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6.4. Summary
All mix designs studied, i.e., CEMI-LGMgO at 1:2 and 1:4 ratios with 40 and 70% EAFD 
addition, met the UK Landfill WAC requirements in terms of UCS, initial and final setting times 
and consistency results. Granular leaching results indicated fixation of all metals studied at both 
1:2 and 1:4 mix ratios at 40% waste addition. Most leaching values observed were below the 
WAC limits and hence may be considered for landfill disposal. It is interesting to note here that 
the pH values of the samples were in the range of 11.1-12.2 where many metal hydroxides such 
as Zn and Pb exhibit high solubility whereas the total fixation of these metals was achieved. 
Hence, in this case, it is not ciear to what degree pH might affect the leaching potential of metal 
hydroxides. The monolithic leaching test results showed that LGMgO performed satisfactorily 
with respect to S/S of Zn, the metal component present at the highest concentration level in the 
waste, which exhibited very little leaching and passed the ieaching test requirements at all ratios 
studied. However, the performance of LGMgO with respect to Pb, Cd, Mo, Cl and Cr was less 
effective in reducing their leaching, suggesting a higher cumulative rate under those leaching 
regimes. Depletion-controlled release was observed throughout most of the test (intervals 1-7) 
for each component and was the dominant leaching mechanism for all LGMgO-blended mix 
ratios studied.
The resuits cieariy pointed out the fact that the use of LGMgO as an alternative binder 
for EAFD S/S exhibited much better product performance when the granular leaching test was 
used compared to the monolithic one.
According to the results obtained with the use of LGMgO, slags with a high MgO content 
produced by the steel industry have the potential to contribute to the S/S treatment of 
hazardous wastes. The following chapter will therefore evaluate the potential use of steel slags 
high in MgO in the treatment of EAFD.
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CHAPTER 7 
EFFECT OF EAFD ADDITION ON S/S PRODUCTS USING PC/STEEL SLAG
7.1 Introduction
Steel slag is recycled at specific ratios in some countries, e.g., USA, whereas the rest of 
the excess slag for other operations is mostly sent to landfills for disposal. Potentially, steel slag 
can be used in road construction as a substitute for quarry stone if its physical properties can be 
well-defined (Motz and Geiseler, 2001). The Steel Slag Coalition has undertaken a 
comprehensive study to demonstrate the re-use potential of steel slag and any potential threat 
to human health and/or the environment. This study showed that steel slag posed no risks to 
the environment and human health when re-used in other applications (Wintenborn and Green, 
1998).
The re-use of steel slag is beneficial as it reduces the costs associated with landfill 
disposal and provides an additional source of income to businesses as weil as improves the 
environment. This chapter therefore focuses on the performance evaluation of steel slag as a 
cement replacement for the treatment of EAFD with CEMI-slag combinations at 1:2 and 1:4 
ratios with 0%, 40% and 70% waste addition. Steel slag-blended S/S product performances were 
tested through both physical and chemical tests and the corresponding results are depicted in 
the following sections.
7.2 W ater/solid (w /s) Ratios and Consistency results
The w/s ratio was kept constant at 0.15 for CEMI-slag ratios with 0% and 40% waste 
addition. However, at 70% waste addition, a higher w/s ratio was required in order to achieve 
better grout workability levels. For slag-blended mixtures, it was observed that the w/s ratio by 
voiume decreases as the percentage of waste added in the matrix increases. The reduction in 
the w/s ratio has a detrimental effect on mixing, especially when high waste loadings are used. 
When mixes using 70% waste were prepared, additional water was added so that the mass could 
be mixed thoroughly. The water used in the mix designs increased only with further EAFD 
addition rather than steel slag. The specific surface area of steel slag used in this study was not 
caiculated, but according to Oner and Akyuz (2007), it is possible to say that the specific surface 
of the slag is reduced with increasing particle size. Thus, no additionai water is required with 
further incorporation of steel slag into the mortar.
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The properties of the fresh grouts with respect to the consistency of the mixes were 
reported as average of 1, 28 (before and after Wl) and 56 days curing age, as shown in Figure 
7.1. No excess water bleeding was observed at all ratios studied. At a constant w/s ratio, the 
consistency decreased with waste addition into the mix matrix, similar to the PFA-blended 
samples. The consistency of the samples with 70% waste addition slightly increased with a slight 
increase in the w/s ratio (from 0.15 to 0.20). The consistency values were in the range of 172- 
195 mm and, except for CEMI-slag 1:4:0, all slag blended mixtures demonstrated good 
workability at all ratios studied and had consistency values within the WAC limits.
When the consistency values are compared to other blends studied in previous chapters, 
it was observed that steel slag achieved consistency values as good as LGMgO and much better 
results compared to hlime and PFA.
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Figure 7.1 Average consistency values
*Error bars with standard deviations included
7.3 Setting Time Results
The effect of EAFD addition on both the initial and final setting times for CEMI-slag 1:2 
and 1:4 with 0%, 40% and 70% waste addition are graphically depicted in Figures 7.2 (a) and (b), 
respectively. It is known from the literature that when PC is partially replaced with steel slag, 
this results in weaker strength development and longer setting times (Shi, 2004). In the present 
study, it was observed that the incorporation of both steel slag and EAFD into the mix matrix 
retarded the hydration and hence the setting of the grout. Although EAFD addition has a 
detrimental effect on the setting time, the values obtained at all ratios studied were still within 
the limits and hence met the WAC requirements (2 hrs < initial < 8 hrs; final < 24 hrs). Figure
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(a)
7.2a shows that the addition of EAFD retarded both the initial and final setting times compared 
to the control (1:2:0). At 40% waste addition, there were around 5 and 48% increase in initial 
and final setting times, respectively. The same behaviour was noticed at 70% waste addition 
with higher percentages of increase.
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Figure 7.2 The effect of waste addition on setting time
(a) CEMI-slag 1:2 and (b) CEMI-slag 1:4
As shown in Figure 7.2b, there was approximately 20 and 48% increase in initial and final 
setting times, respectively, with 40% waste addition. Moreover, the results show that for CEMI- 
slag 1:4 with 70% EAFD addition, there was a systematic increase in the setting times (55% and 
49%, respectively) compared to the control sample. The results show that 70% waste addition 
may cause severe retardation effects and may result in incomplete immobilisation or an 
unacceptable physical form for the treated waste. This effect could be explained by the colloidal 
fine structure and chemical composition of the matrix. Thomas et al. (1981) explained that the 
permeability of the coating formed around the cement particles is highly dependent on the fine 
structure and chemical composition of the matrix. Hence, any chemical conversion or 
crystallisation could cause this effect to be less effective after the initial retardation (Gervais and
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Ouki, 2002). As mentioned earlier, the retardation observed with the addition of EAFD might be 
due to the Zn and Pb content of the waste. During the hydration reactions, the cement particles 
are coated with Zn and Pb hydroxides, which form a low-permeability membrane that prevents 
the hydration reactions from occurring and retards the hardening (Cartledge et al., 1990; Taylor, 
1990; Cocke and Mollah, 1993; Asavapisit et al., 1997; Gervais and Ouki, 2000; Li et al., 2001a, b; 
Gervais and Ouki, 2002; Salihoglu et al., 2007).
The influence of heavy metals on cement setting is different since Cr and Zn may 
accelerate setting whereas Pb delays it. A study by Rossetti et al. (2002) showed that Cr(lll) is 
strongly held in the matrix. Cr^  ^can be held in the matrix due its hydroxide which has a very low 
solubility and the formation of a chromium gel (Cr(0 H)3 6 H2O) which has similar characteristics 
as cement gel and hence helps to enhance its mechanical properties (Medici and Palma, 1966; 
Zamorani et al., 1988). The acceleration effect of Cr is mostly explained by its hydroxide gel 
formation and, as mentioned earlier, the low solubility of this gel. Even though Zn acts an 
accelerator in setting, it is soluble and its leaching into the alkaline solution is quite high. This is 
explained by the formation of a crystalline compound called calcium hydroxyzincate (CHZ) in the 
presence of chloride. The formation of this compound causes a high rate of Zn leaching which 
only decreased when this compound disappeared, as confirmed by many researchers who 
investigated the effects of Pb, Zn and Cr (Rossetti and Medici, 1995; Rossetti et al., 2002).
In summary, it was observed that slag-blended mixes achieved better setting times 
compared to CEMI-only blends with 40 and 70% waste addition. This is probably due to the 
smaller w/s ratios used in the slag-blended samples. Overall, the results showed that slag- 
blended samples behaved better than almost all binder-blended samples in terms of setting 
time, except for LGMgO 1:4:40 which performed better than the control itself.
7.4 UCS Results Before and After W ater Immersion
The UCS values for CEMI-slag mix ratios are shown in Figures 7.3a and b. The increase of 
steel slag content in the matrix reduces the cement content in the mix and hence the cement 
dilution effect required for the hydration process. The hydration process slows down and longer 
setting times and delayed strength are expected. Altun and Yilmaz (2002) stated that the high 
MgO content and lower aluminium oxide (AI2O3) content of slag are responsible for the longer 
setting times and delayed strength development compared to CEMI-only samples. In the 
present study, it was observed that the AI2O3 content in the matrix is reduced with higher EAFD 
addition but is not much affected by the replacement of PC by slag as steel slag contains as much
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AI2O3 as PC. Therefore, not much delay in setting times and weakened strength development 
were observed. Compared to steel slag, PC contains more C3S, which is mainly responsible for 
the hydration reactions and hence for strength development. However, the reactivity of steel 
slag is a factor that determines its strength development efficiency. The basicity of steel slag is 
interrelated to its reactivity which only increases with its basicitiy. The basicity of steel slag also 
increases the free CaO content, which may cause volume expansion problems in real world 
applications and is not considered to be convenient (Shi and Day, 1999; Shi and Qian, 2000).
0  7 days Uii' 28 days Wl ^  56 days
(a)
Waste Addition (%)
i  7 days 1111' 28 days Wl ^  56 days
P 40
Waste Addition (%)
(b)
Figure 7.3 The effect of EAFD addition on UCS
(a) CEMI-slag 1:2 and (b) CEMI-slag 1:4
*  Error bars with standard deviations included
All slag-blended mixtures achieved UCS values higher than 1 MPa at most of the mix 
ratios studied, regardless of the curing age. The strength development continued at later ages, 
i.e., 56 days, regardless of the mixture. This finding is consistent with a previous study focused 
on PFA- blended specimens (Asavapisit et al., 2005). In another published study focusing on the 
use of ground-granulated blast-furnace slag (GGBS), the strength gain increased in time as the
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GGBS content was increased. The formation of calcium hydroxides requires time and the 
pozzolanic reactions are slow. Hence, the strength development continues in time. The results 
of the present study are consistent with those obtained in the literature (Oner and Akyuz, 2007). 
Moreover, it is necessary to note that the UCS values achieved with GGBS addition ranged from
9.7 to 48.4 MPa at 28 days whereas the UCS values achieved with steel slag addition in this study 
were in the range of 22.9 to 37.5 MPa. The amount of steel slag incorporation (CEMI-slag 1:4) 
into the mix matrix studied was much higher than that published by Oner and Akyuz (2007), i.e., 
CEMI-slag 280:440 and in average better strength development was achieved compared to 
GGBS-blended mixes. According to the same researchers, the optimum amount of GGBS 
addition was about 55-59% of the total binding used in the mixture. Overall, steel slag 
performance is much better than GGBS-blended mixtures in terms of consistency, UCS and 
setting times and the optimum ratio of slag incorporation was 80% (CEMI-slag 1:4). UCS 
measurements are mainly used to assess the progress of the hydration reactions as, if the 
hydration reactions progress successfully, then the strength at each successive age (7, 28, and 56 
days) is greater than previously.
The UCS values for specimens cured in water are lower than for specimens cured in a 
humid chamber for CEMI-slag 1:2 with 0% and 40% waste addition and CEMI-slag 1:4 with 0% 
and 70% waste addition. There was a reduction in UCS values in the range of 10-30% after Wl. 
On the other hand, a slight increase, namely, in the range of 2-15%, was observed after Wl for 
CEMI-slag 1:2:70 and 1:4:40 ratios. Therefore, a failure in the matrix physical integrity could 
possibly be expected for the mix ratios CEMI-slag 1:2:0,1:2:40,1:4:0 and 1:4:70 after Wl, where 
the difference between UCS values were higher than 15% while a good matrix physical integrity 
is possibly achieved at 1:2:70 and 1:4:40 mix ratios. The weaker strength values after Wl could 
be due to the expansion or non-uniform saturation of the waste. Thus, the optimum physical 
integrity of the solid mass was achieved with CEMI-slag 1:2:70 and 1:4:40 ratios where UCS after 
Wl was higher than before.
It is important to note that with 40% EAFD addition, higher UCS values at 28 (before and 
after Wl) and 56 days were obtained compared to the control, CEMI-slag at a 1:2 mix design 
ratio, and at 1:4 mix ratio with higher UCS values at 28 days after Wl and at 56 days. These 
results demonstrate that the hydration process is more active after 1 week of curing and hence 
strength development continues up to 28 and 56 days. At 70% waste addition, the hydration 
process was hindered and 40% was the optimum level of waste addition as it did not delay the 
hydration process. It is interesting to note that similar behaviour was observed at similar mix 
designs with LGMgO-blended samples.
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In summary, regardless of the binder composition, detrimental effect of EAFD addition 
on strength development was observed. In general, the adverse effect of EAFD on strength 
development is well documented in the literature (Hills et al., 1992; Hills et al., 1993). As 
mentioned earlier, Pb and Zn have an adverse effect on strength development as they cause 
retardation and weaken the strength. The hydroxides formed due to Pb and Zn content form a 
low-permeable coating around the cement particles that retain the water and ion transport 
needed for cement hydration. According to Fernandez-Olmo et al. (2001), the presence of other 
metal oxides, e.g., PbO, and FegOg, could enhance the retardation effect of ZnO as they 
could induce a severe negative effect that could retard the hydration of PC and weaken strength 
development. Chemical attacks, such as a sulphate attack, can deteriorate cementitious waste 
forms. Gervais and Ouki (2002) concluded that setting time was shortened in the presence of 
chromium where it was delayed in presence of manganese, lead and zinc. This may be linked to 
the fact that EAFD has a retardation effect on the performance of the specimens at 7 days' 
curing age whereas this effect is generally overcome at longer curing periods, e.g., 28 days. The 
results achieved in the present study confirm this finding.
The addition of slag into the mix matrix yielded better strength development compared 
to hlime, PFA and LGMgO-blended mix combinations but demonstrated weaker strength 
development when compared to CEMI-only blends when there is no waste. Even though waste 
addition had a detrimental effect on strength development when waste was incorporated into 
the slag-blended mixtures, a noticeable improvement compared to hlime, LGMgO, and PFA- 
blended mixtures was observed. On the other hand, CEMI-slag blended samples achieved better 
strength development only at 1:2:40 mix ratio when compared to CEMI-EAFD with 40% and 70% 
waste addition at 28 days (before and after Wl) and 56 days. Even though the strength 
development of slag-blended mixtures is not as good as cement blends, the UCS values achieved 
with slag blends are very high, due to the high Si02  content of steel slag which leads the calcium 
silicate hydrates formation required for strength development. At 1:2:40 mix ratio, slag blends 
achieved better strength development than CEMI-only with 40% waste addition. Amongst all 
mix ratios studied, slag achieved the best strength development at 56 days at most of the ratios, 
showing that the hydration reactions are still continuing until then. For instance, at 1:2:40, 
1:2:70 and 1:4:40 mix ratios CEMI-only blended samples had higher UCS values than slag blends 
at 7, 28 (before and after Wl) days where slag achieved much better strength development at 56 
days of curing age. At 1:4:70 mix ratio, slag did not achieve as good UCS results as CEMI-only 
blended samples. However, at most of the ratios studied, slag achieved the highest UCS values 
just after the CEMI-only blended samples. Hlime always achieved the lowest UCS values when
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compared to CEMI-only, PFA, slag and LGMgO blended mix ratios, regardless of waste addition 
and curing age.
7.5 Bulk Density (BD) Results
BD calculations were based on triplicates and the average values are depicted in Figures 
7.4a and b. According to the results obtained, BD values varied between 2.2 and 2.8 g/cm^ for 
both CEMI-slag 1:2 and 1:4 at 0%, 40% and 70% waste addition. These results show no 
significant change between BD values at different curing ages. It is also clear that BD values 
increased in parallel with waste addition. According to the literature, BD increases with 
increasing binder dosage. Researchers agree that the particles and the contaminants are wetted 
with the cement grout and hence, more void is filled (Lin et al., 1996). In the present study, on 
the other hand, an inverse relationship was observed between BD and UCS values in that BD 
values decreased with increasing UCS values. This is due to the fact that there is a decrease in 
cement content and hence, there is no adequate environment for the cement to wet the 
particles and thus for the hydration reactions to take place effectively. This is easily understood 
from the reduced strength values of those mixtures blended with binders other than cement. In 
this study, the decrease in BD could be also due to the mass of binders used; increased mass 
may also result in an increase in BD. The slag-blended samples had the highest BD values when 
compared to other blends discussed in this chapter (e.g., the BD of hlime blends was 1.5-2.2 
g/cm^).
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Figure 7.4 BD results of CEMI-slag
(a) CEMI-slag 1:2 (b) CEMI-slag 1:4
* Error bars with standard deviations included
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7.6 M oisture Content (MC)
The MC for each sample studied is illustrated in Figures 7.5a and b. MC values for slag- 
blended samples are in the range of 2-13%. For CEMI-slag 1:4 at 0%, 40% and 70% waste 
addition, MC increased with waste addition at both 7 and 28 days. Moreover, even though a 
similar behaviour was observed for CEMI-slag 1:2 at 7 days, a decrease was observed at 56 days. 
The rest of the specimens did not exhibit any consistent trends and hence it was not possible to 
deduce any conclusions regarding the effects of waste addition and/or curing age on MC. 
However, it was clear that the slag-blended samples had the lowest MC compared to other 
blends studied.
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Figure 7.5 MC results for CEMI-slag mix combinations 
(a) CEMI-slag 1:2 (b) CEMI-slag 1:4
7.7 ANC Test Results
The S/S products exposed to diluted nitric acid solutions enabled us to measure the 
buffering capacity of steel slag and EAFD corresponding to their resistance to pH reduction. 
Figures 7.6a to d illustrate the ANC results obtained with 0%, 40% and 70% waste addition for 
CEMI-slag 1:2 and 1:4 mix ratios at both 7 and 28 days' curing age. For CEMI-slag 1:2:0, pH 
values decreased to 6.2 at 10 meq/g acid addition whereas for CEMI-slag 1:4:0, the pH values 
went down to 4.41 at 7 meq/g acid addition. Curing age had an adverse effect on pH values; at 
28 days, the pH values recorded were smaller than the ones recorded at 7 days' curing age 
regardless of the mix matrix. Moreover, waste addition alongside slag incorporation into the mix 
design affected the pH of the solution and hence an acidic environment was created where most 
of the metals are soluble and hence difficult to immobilise.
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At 7 days' curing age, the mix matrix lost its alkalinity with 7 meq/g acid addition for 
CEMI-slag 1:2:40. Similar conditions were observed at 28 days with 3 meq/g acid addition. At 28 
days' curing age, all ratios studied with 40% and 70% waste addition exhibited pH values lower 
than 6 .6  when 3 meq/g or more nitric acid was introduced into the system. The alkalinity of the 
system was only retained up to 3 meq/g acid addition at 7 days where pH values were between
7.5 and 11.3. At 28 days' curing age, the alkalinity of the system was retained up to 2 meq/g 
acid addition where pH values ranged from 7.2 to 12.1. pH values decreased to 6 .6  with 3 
meq/g acid addition, except for CEMI-slag 1:2:40 where the pH was around 8  at 28 days. After 5 
meq/g acid addition, all ratios had pH values lower than 6 .6  at 28 days.
The ANC results show that slag is not as effective as either hlime or LGMgO in retaining 
the alkalinity of the system. The very high content of LGMgO helps maintain the alkalinity of the 
system and hence, helps reduce the solubility of the heavy metals. On the other hand, slag 
demonstrated better performance than PFA due to its much higher MgO content than PFA.
7.8 Contaminants' Leachability and Granular Leaching Test Results
The effect of pH changes on the contaminants' leachability with respect to acid addition 
are shown in Figures 7.7 a to k at 7 days and 7.8a to I at 28 days, respectively. Among these 
results, only a few points of acid additions were tested for heavy metals' leaching potential due 
to time constraints and to the number of samples to be analysed. The heavy metals' leaching is 
related to curing age where longer curing age could mean better metal stabilisation.
It was observed that higher slag content in the mix design resulted in lower leaching 
rates of heavy metals, a behaviour similar to the one observed with LGMgO-blended samples. 
This demonstrates that steel slag and LGMgO are both effective in reducing the leaching rates of 
heavy metals. However, both were unsuccessful in immobilising Mo. Mo leaching was observed 
at all ratios studied but was low when pH values were about 12-5.7. Mo leaching was especially 
high at pH values around 8 .
The leaching of one of the most problematic metals, Pb, was mostly steady and low at all 
ratios studied, except for CEMI-slag 1:2 with 40% and 70% waste addition at both 7 and 28 days. 
Pb leaching was high at the ratios mentioned only when pH>12. Cd leaching rates were quite 
steady as Cd mostly leaches when pH<7. Cr leaching rates were high at pH levels 8.9-7.6 and >12 
and decreased at pH levels <8 . Zn leaching was high at pH<7 and decreased in the range of 11.6- 
8 .
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The results obtained confirm the finding mentioned in Chapter 6 that at pH 11.5-12.1, 
many metal hydroxides, including Zn and Cd, exhibit high solubility. However, this is not valid for 
Mo where the leaching rates observed were low at this pH range. The pH and heavy metal 
concentrations of the extracts for the waste samples at 0 meq/g acid addition at 7 and 28 days 
curing age are shown in Tables 7.1 a and b, respectively. pH decreases with EAFD addition into 
the mixtures. However, the differences between the pH values measured were not significant. 
The pH values were in range of 12.1-12.6 at 7 days and around 11.6-12.4 at 28 days with 0 
meq/g acid addition. pH values slightly decreased at longer curing age (28 days).
Samples with no acid or waste addition had high pH values (above 12.4) at 7 and 28 
days' curing age which may be linked to the highly alkaline pore water. Hence, as the 
percentage of slag in the sample increased the pH of the pore water is slightly decreased. 
Moreover, it decreased with the addition of EAFD but was still alkaline and high enough (above 
11.6). According to WAC thresholds, pH values with no acid addition should be between 11.9 
and 12.2 at 28 days' curing age. pH values for CEMI-slag 1:2:70 and 1:4:70 at 7 days and CEMI- 
slag 1:2:40 at 28 days were within these limits. According to the results illustrated in Table 7.1, 
only Mo exceeded the limit at most of the ratios studied at both 7 and 28 days' curing age, 
where all the other heavy metals were successfully stabilised and none of them exceeded the 
WAC leachability limits. Mo leaching was only within the WAC limits for CEMI-slag 1:4:40 and 
1:4:70 at 7 days and 1:4:40 at 28 days' curing age. No leaching of Cd, As, Se and Sb were 
observed while Pb, Cr, Co, Cu Ni, Zn and Ba leaching rates were negligible and within the WAC 
leaching limits. The optimum ratio was achieved with CEMI-slag 1:4:70, where none of the 
metals exceeded the WAC leaching limits at either 7 or 28 days' curing age. It is difficult to say 
what has clearly immobilised and decreased the solubility of Mo for CEMI-slag 1:4:70. The pH 
values achieved at all ratios studied, regardless of the curing age, were similar and higher than 
11.
Pb leaching was observed at pH levels of 12.1-12.5 whereas Pb is usually insoluble at 
around pH 9. Mo leaching was reduced in the slag-blended samples in the pH range 9.5-11.5. As 
mentioned in previous chapters, Pb is an amphoteric material and may leach at pH values of 9.5-
11.5 and higher. Moreover, Mo solubility is expected to be very high in the pH range of 11.6- 
12.2 or even higher. Metals are mostly soluble at this pH; however, the chemical reactions 
taking place in the mix matrix may affect the solubility of the metals. For instance, if fewer OH" 
ions are present in the matrix, the formation of M oO / becomes possible and hence, may 
prevent the solubility of Mo. Pb solubility may be inhibited in matrix if Pb is precipitated as 
silicate compounds or successfully incorporated into the dissolved C-S-H matrix.
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7.9 Monolithic Leaching Test Results
A comprehensive investigation of the leaching characteristics of waste and S/S products 
was undertaken using leaching tests. The long-term leaching rate of S/S products is assessed 
using the diffusion test, also known as the tank leaching test EA-NEN 7375 (Environment Agency, 
2004). When the behaviour of different mixtures was observed over a long period of time, it 
was understood that some reactions may cause the release of the metals from the solid matrix 
due to the total disappearance of the alkaline equivalents contributed. The reactions caused by 
the setting of cement, a carbonation process of the samples cured at ambient conditions, may 
explain the disappearance of alkalinity and hence the release of metals from a solid matrix 
(Pereira et al., 2001).
The slag-incorporated samples were tested using the monolithic leaching test to 
examine the leaching potential of heavy metals present in the mixtures. The WAC limits and the 
results obtained at 28 days' curing age with 40% and 70% waste addition are shown in Table 7.2. 
According to the results, Pb, Cd, Cr, Mo and Cl all clearly failed at all ratios studied, regardless of 
curing age. On the other hand, Zn, As, Co, Cu, Sb and Ni leaching were within the limits at all 
ratios studied. In agreement with published literature, the low solubility of those metals is 
related to the leaching condition, i.e., the basic pH. The solubility of metals is greatly affected by 
the pH of a solution. Fe, Zn, Cu, Mn and Cd are some of the minerals whose leaching ratios 
decrease with higher pH values (Gomes and Pinto, 2006). Se leaching exceeded the limits at 
cumulative 4 days at all ratios studied with waste addition but was within the limits at 
cumulative 64 days at all ratios studied. Similar behaviour was noted with Ba where the 
cumulative 4 and 64 days leaching exceeded the limits for CEMI-slag 1:4 with 70% waste 
addition while the rest of the mix ratios were within the limits. A very similar result was 
obtained by Saeedi et al. (2010) where the S/S products and the waste were investigated by 
toxicity characteristic leaching procedure (TCLP). Almost all the heavy metals tested exceeded 
the regulatory limits but the results can be used for future practices to provide clues in 
examining the percentage of removed elements compared with leached amounts.
The leachability of Cd, Pb, Cr, Mo, Cl and the pH of the S/S products are interrelated and 
the decrease in the pH is proportional to the metals' leaching rates. The pH values recorded in 
the present experiment, where distilled water at pH 7 was used as the leaching medium, were 
high (between 12.1 and 12.7). The pH of the solution was affected and increased by the solid 
mass immersed into it. It can therefore be concluded that the chemical characterisation and 
hence the structure of the solid mass has a direct effect on the pH of the solution. These high
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pH values of the leaching medium may also explain the high leaching rates of heavy metals. 
Some metals are very soluble under alkaline-like environments while others are not. Some 
metals have amphoteric characteristics so it would be difficult to predict their behaviour when in 
contact with either an alkaline or an acidic medium.
It was observed that, as waste was introduced into the mixture, the leaching of certain 
metals, mainly Mo, Pb, Cr and Cd, was becoming noticeable. Generally, the cumulative fraction 
of metals leached increased as the percentage of EAFD in the mixture increased, except for Zn 
leaching which was within the WAC limits at all ratios studied. Similar results were achieved 
with LGMgO-blended mixtures where Zn could be fixed perfectly compared to other elements 
that leached and exceeded the limits. Pb and Mo are considered as the most problematic heavy 
metal in this particular waste, mainly due to the fact that studies of untreated waste 
demonstrated leaching rates for Pb and Mo well in excess of the WAC limits and classified the 
waste as hazardous. The leaching from the other heavy metals, mainly Cr, Cd and Zn, was by far 
less significant than Pb leaching. Hence, the reduction of Pb leaching became very important 
from a waste management perspective. Moreover, Zn is present at the highest concentration 
level but is not necessarily the most toxic compared to Cr and many others. On the other hand. 
Mo leaching was expected. It was one of the metals that leached and exceeded the limits when 
testing the untreated waste despite the very small percentage of Mo in the waste.
The monolithic leaching test results showed that hlime blends had higher leaching rates 
at a 1:2:40 mix ratio than LGMgO, slag and PFA-blended samples. Cr, Mo and Cl leaching was 
observed at all ratios at excessive levels regardless of the binder type used and of the 
binder/waste ratios. Pb, Cd and Se leaching was observed for slag and LGMgO-blended mixes 
but not for PFA-blended samples. Pb leaching exceeded the limits for LGMgO and slag-blended 
and CEMI-only samples whereas Zn leaching was only observed with hlime-blended and CEMI- 
only samples. Cd and Se leaching was observed in both LGMgO and slag-blended samples. 
Moreover, Ba leaching was observed in the PFA and hlime-blended samples and Se leaching in 
the LGMgO and slag-blended samples.
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7.10 Diffusion Leaching Mechanisms Assessment
Tables 13-1.1 Illustrate the leaching mechanism responsible for the release of various 
components from the test pieces. These results were obtained by examining the slopes for 
different leaching intervals and the concentration factors calculated according the procedures 
given in Chapter 3 section 3.5.3. The results are given in Appendix D.
Initial wash-off is mostly observed with slag type materials (van Der Sloot, 1990). Surface 
wash-off happens when the readily available elements are leached at the first contact with 
water.
According to the results, no leaching mechanism could be determined at any point of 
increments for CEMI-slag 1:2:0. Neither was any leaching mechanism determined for Pb, Cd, Se 
Sb and Cl at a 1:4:0 ratios. Diffusion control for CEMI-slag 1:4:0 was observed in early leaching 
interval s(l-4) for Cr, Ni, Mo, As, Co, Cu and Ba, and wash-off for Zn. In later intervals (5-8), 
diffusion was observed for Ba and depletion for Zn, Ni, Mo, As, Co and Cu.
No leaching mechanism could be determined for Ni, As, Sb for CEMI-slag 1:2:40. For 
CEMI-slag 1:2:40, diffusion control for Cd and Se, wash-off for Pb, Zn, Cr and Mo and dissolution 
for Ba were observed in early leaching intervals. In later intervals (5-8) Ba dissolution, Pb, Zn 
diffusion and Cd, Se, Cr, Mo, Co, Cu and Cl depletion were dominant.
For CEMI-slag 1:2:70, no leaching mechanism could be determined for Ba, Ni, Mo, As 
and Sb. Wash-off was observed for Pb, Zn and Cr in early leaching intervals and diffusion for Cd, 
Se Co, Cu and Cl. At later intervals, dissolution was observed for Pb and Zn while no mechanism 
could be determined for Ni and Sb. For Cd, Se, Cr, Mo, As, Co, Cu Ba and Cl depletion was 
dominant.
For CEMI-slag 1:4:40 no leaching mechanism could be determined for Pb, Ni, As, Ba and 
Sb in early intervals while wash-off was observed for Zn and Mo. Moreover, for Cd, Se, Cr, Co, 
Cu and Cl diffusion was determined. At later intervals, no leaching mechanism was observed for 
Pb, Ni, As and Sb, whereas dissolution was the case for Zn and Ba and depletion for Cd, Se, Cr, Co 
and Cu.
For CEMI-slag 1:4:70, no leaching mechanism could be determined for Pb, Ni, As, Ba and 
Sb whereas diffusion was observed for Cd, Se, Cr, Co, Cu and Cl. Wash-off for Zn and Mo was 
determined in early intervals. No leaching mechanism could be determined for Pb, Ni, As and 
Sb. Overall, we can conclude that depletion mechanisms controlled leaching for most of the 
metals studied. The main leaching mechanism is similar to the one observed with LGMgO, PFA 
and hlime-blended and CEMI-only samples.
2 0 2
Table 7.3 Diffusion Mechanism Analyses - CEMI-slag 1:4:0
Increments Pb Cd Se Zn Cr Ni Mo As Co Cu Ba Cl
2-7 NA NA NA wash wash wash wash wash wash wash diff NA
5-8 NA NA NA depi depi depi depi depi depi depi diff NA
4-7 NA NA NA depi depi depi depi depi depi depi depi NA
3-6 NA NA NA depi depi depi depi depi depi depi diff NA
2-5 NA NA NA depi depi depi depi depi depi depi diff NA
1-4 NA NA NA wash diff diff diff diff diff diff diff NA
Ta ]le 7.4 Diffusion Mechanism Analyses - CEMI-slag 1:2:40
Increments Pb Cd Se Zn Cr Ni Mo As Co Cu Ba Cl
2-7 wash wash wash wash wash NA wash NA wash wash diss wash
5-8 diff depi depi diff depi NA depi NA depi depi diss depi
4-7 diss depi depi diff depi NA depi NA depi depi diss depi
3-6 depi depi depi depi depi NA depi NA depi depi diss depi
2-5 depi depi depi depi depi NA depi NA depi depi diss depi
1-4 wash diff diff wash wash NA wash NA diff diff diss diff
Table 7.5 Diffusion Mechanism Ana
Increments Pb Cd Se Zn Cr Ni Mo As Co Cu Ba Cl
2-7 Wash Wash Wash Wash Wash NA Wash NA Wash Wash Diss Wash
5-8 Diss Depi Depi Diss Depi NA Depi Depi Depi Depi Depi Depi
4-7 Diff Depi Depi Diff Depi NA Depi Depi Depi Depi Diss Depi
3-6 Depi Depi Depi Depi Depi NA Depi Depi Depi Depi Diss Depi
2-5 Depi Depi Depi Depi Depi NA Depi NA Depi Depi Diss Depi
1-4 wash Diff Diff wash Wash NA NA NA Diff Diff NA Diff
yses - CEMI-slag 1:2:70
Table 7.6 Diffusion Mechanism Analyses -  CEMI-slag 1:4:40
Increments Pb Cd Se Zn Cr Ni Mo As Co Cu Ba Cl
2-7 NA wash wash diff wash NA wash NA wash wash NA diff
5-8 NA depi depi diss depi NA diff NA depi depi diss diff
4-7 NA depi depi diss depi NA diff NA depi depi diss depi
3-6 NA depi depi depi depi NA depi NA depi depi NA depi
2-5 NA depi depi depi depi NA depi NA depi depi NA diff
1-4 NA diff diff wash Diff NA wash NA diff diff NA diff
Table 7.7 Diffusion Mechanism Analyses - CEMI-slag 1:4:70
Increments Pb Cd Se Zn Cr Ni Mo As Co Cu Ba Cl
2-7 diss wash wash diff Wash NA wash wash wash wash diss NA
5-8 diss depi depi diss Diff NA depi depi depi depi depi NA
4-7 diss depi depi diss Depi NA depi depi depi depi diss NA
3-6 diss depi depi depi Depi NA depi depi depi depi diss NA
2-5 depi depi depi depi Depi NA depi diff depi depi diss depi
1-4 wash diff diff wash Wash NA wash del.diff diff diff diff diff
Note: DepI: Depletion; Diff: Diffusion; Diss: Dissolution; Wash: Surface wash-off; 
Del. Diff: delayed diffusion
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7.11 Summary
All CEMI-slag mix designs studied at 1:2 and 1:4 ratios and with 0%, 40% and 70% EAFD 
addition met the UK Landfill WAC requirements in terms of UCS before and after Wl, initial and 
final setting times and consistency resuits. Granular leaching tests yielded very promising results 
with no leaching potential of heavy metals except for Mo which exists at a very low level in the 
waste itself. Monolithic leaching test results showed no Zn leaching in any of the mix 
combinations studied. Cd, Mo, Pb and Cr leaching rates exceeded the WAC monolithic leaching 
limits for all mix designs studied with waste addition.
The use of slag as an alternative binder for EAFD S/S exhibited better solidified product 
performance for the granular leaching test results compared to lime. The findings highlighted 
the environmental and economic potential of replacing cement and other binding materials with 
steel slag. The reuse of steel slag is highly recommended to save natural resources and to 
achieve energy savings, like the cement industry. Slag treatment and processing before its use is 
preferable to dumping or stockpiling due its growing demand for high quality applications 
(Tsakiridis et al., 2008).
During the monolithic leaching test, the dominant leaching mechanism was determined. 
According to the log-log plots (see Appendix E), it is possible to say that only Ba was diffusion- 
controlled for CEMI-slag 1:4:0 and Cl for CEMI-slag 1:4:40 whereas the rest of the metals at all 
ratios studied were not fully diffusion-controlled since surface wash-off, dissolution and 
depletion occurred. The non-existence of fully diffusion controlled leaching mechanism may 
cause the rapid leaching of soluble materials present in the waste. It is known that the leaching 
of soluble salts, e.g., chlorides, may affect the long-term physical integrity of S/S products and 
that the leaching of contaminants, by producing hydroxides, also inhibits the products' strength 
development. The dissolution of portlandite (Ca(0 H)2) and décalcification (C-S-H) may also lead 
to poor structural integrity of the matrix and hence cause the leaching of contaminants (Lampris 
et al., 2009).
In overall, it was understood that plotting leaching rate versus pH might be another way 
of data representation as a matter of lightening the effect of pH on the metals solubility. The 
acid addition levels indeed reflect the reduction in pH values. Therefore, illustrating pH values on 
the graphs might be more effective in data representation to investigate the heavy metals 
leaching rates. This is mainly due to the fact that solubility of heavy metals is directly related to 
the pH changes rather than the levels of acid addition. However, it should be kept in mind that 
the changes of acid addition directly affect the pH variation of the eluates.
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CHAPTER 8 
MINERALOGICAL AND MICRO-STRUCTURAL ANALYSES
8.1 X-Ray Diffraction (XRD) Analysis Results
Diffraction patterns of cementitious materials provide phase, chemical and crystalline 
structure information, which could be useful in terms of understanding how well the waste has 
been encapsulated and stabilised. XRD analysis was performed on steel slag, LGMgO and EAFD 
as well as on selected solidified products. The mix ratios studied were composed of both waste 
and binders at the minimum and maximum waste addition, i.e., 1:2:40 and 1:4:70. It is 
important to note that only steel slag and LGMgO-blended mixtures' results are included in this 
section, due to the fact that XRD analysis of PC, PFA and hlime are well documented in the 
literature. Hence, the respective XRD data obtained in this study can be found in Appendix F for 
information. There is no available XRD information in the published domain pertaining to the 
use of LGMgO and steel slag for EAFD S/S, hence its importance in this study. Detailed XRD 
patterns and Rietveld refinement results of solidified specimens are provided in Appendix F.
8.1.1 LGMgO
The mineralogical composition of LGMgO is presented in Table 8.1, which shows that 
LGMgO is composed of quartz (SiOz), brucite, lime, dolomite, periclase, which is the principal 
component (73.7%), followed by magnesite at 8.53%, anhydrite at 5.86% and calcite at around 
4%. The reflection peaks at 43°, 62.1° and 37° are for periclase, 25.5° for anhydrite, 32.7° and 
53.8° for magnesite, 26.7° for quartz, 31° for dolomite and 29.4° for calcite at 20. The reflection 
peaks observed in the XRD patterns are in agreement with the Rietveld refinement results 
(Appendix F -  Figure F.3 and F.4, respectively). These phases are consistent with what was 
reported by Vandeperre et al. (2008).
Tab e 8.1 Quantitative Analysis -  Rietveld
Phase 1 : Periclase 73.70 %
Phase 2 : Anhydrite 5.86 %
Phase 3 : Magnesite 8.53 %
Phase 4 : Dolomite 2.81%
Phase 5 : Quartz 1.47 %
Phase 6 : Calcite 3.84%
Phase 7 : Brucite 2.45 %
Phase 8  : Lime 1.40 %
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8.1.2 Steel Slag
The mineralogical composition of different steel slags has been investigated by various 
researchers (Tossavainen et al., 2007; Tsakiridis et al., 2008; Vandeperre et al., 2008; Sofilic et 
al., 2010; Yildirim and Prezzi, 2011). When XRD analysis of steel slag was undertaken, a complex 
structure was observed due to the overlapping peaks which indicate that crystalline phases exist 
in steel slag. Sofilic et al. (2010) reported that steel slag is mainly composed of wustite - FeO; 
calcium ferrite - CaFe204/(CF); srebrodolskite - CazFezOs^CzF); larnite - Ca2Si04 /(C2S); alite - 
Ca3Si0 5 (C3S); mayenite - Cai2Ali4033/Ci2A7); brownmillerite - Ca2(AI,Fe)2 0 s)/(C4AF); calcium 
ferrite - CaFe204/(CF) and rankinite - Ca3$i207 (C3S2). Another study by Nicolae et al. (2007) 
showed that the main mineralogical components are larnite, alite, mayenite, brownmillerite, 
gehlenite, wustite, magnetite, quartz and periclase. The major components, namely, 
brownmillerite, alite, mayenite, wustite and larnite are similar in both studies with the 
differences in composition due mainly to the origin of the steel slag.
The detailed diffractograms with the corresponding list of mineralogical components 
from the XRD analysis of the steel slag used in this study are presented in Appendix F. The 
results show that periclase (MgO) is the main component while calcite, magnesium aluminium 
iron oxide and calcium silicate are secondary and the rest are minor components. The reflection 
peaks of calcite were recorded at 29.3° and of periclase at 43° and 62.1° at 20.
The results show that the periclase, gehlenite and calcite are similar to those found in 
the published literature. C4AF, which is one of the major mineral phases of PC, was detected in 
the steel slag. This shows that the ferrite phase was generated since the trivalent iron was able 
to combine with calcium alumina (Tsakiridis et al., 2008). It is important to note that not ail the 
peaks in the pattern could be modelled in the Rietveld refinement. Hence, no quantitative 
Rietveld analysis can be provided. Magnesium aluminium iron oxide and calcium aluminium 
oxide fluoride could not be identified, mainly due to Fe fluorescence background noise and 
hence poor data.
8.1.3 EAFD
In this study, the XRD powder diffraction analyses were undertaken on the as-received 
EAFD and the results are presented and discussed in chapter 3, section 3.2.1.
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8.1.4 CEMi-LGMgO 1:2:0 at 28 days
The addition of both EAFD and binders can cause physical and chemical changes in the 
cement-based matrix composition which can be identified by comparing the XRD composite 
patterns. XRD powder diffraction analysis was conducted on CEMI-LGMgO 1:2 ratios with no 
waste addition after 28 days' curing age. 20-25% portlandite (Ca(0 H)2) and 60-70% amorphous 
C-S-H are produced as a result of the alite and belite phases of hydration (Taylor, 1990). 
Therefore, cement- only based pastes are expected to have portlandite and C-S-H as the major 
phases. According to the Rietveld analysis given in Table 8.2, the qualitative analysis confirmed 
that brucite (the hydration product of MgO) is the principal component at 35% with 23.4% 
periclase and 12.7% calcite. This sample also contains quartz and ettringite. Portlandite is 
present at around 5%. Calcite is present in LGMgO but is probably mainly a product of the 
carbonation of cement phases, e.g., portlandite. The secondary reactions of Ca(0 H)2 and C-S-H 
with atmospheric CO2 resulted in the formation of the CaCOs phase as reported by Mollah et al.
(2004). Gypsum is detectable but at low levels in this sample due to the small amount of PC 
present in this matrix. The hydration of PC is evidenced by the formation of the hydrated phases 
of PC: Portlandite at 4.9% and ettringite at 4.8%. Moreover, larnite is one of the anhydrous 
phases usually found as a component but could not be detected, probably due to its very low 
levels in the mixture. In general, Ca(0 H)2 is not expected to be found in the later ages of curing. 
It is assumed that it becomes consumed in the reaction with atmospheric carbonation. 
However, this is not the case in this study as the presence of Ca(0 H)2 may be linked to the CaCOs 
formation by the secondary reactions that occurred during the progress of hydration. This 
CaCOs forms a protective layer on the surface of the hydration particles and hence prevents its 
contact with atmospheric carbonation for further reactions to take place. This might also be 
linked to the fact that the contact of the specimen with CO2 was prevented as the samples were 
stored covered with a damp cloth in sealed plastic bags to prevent interaction with CO2.
Table 8.2 Quantitative Analysis - Rietveld
Phase 1 Periclase 23.40 %
Phase 2 Portlandite 4.94 %
Phase 3 Calcite 1 2 .6 8  %
Phase 4 Gypsum 2.16%
Phase 5 Aragonite 6.99 %
Phase 6 Dolomite 2.07 %
Phase 7 Magnesite 0 .6 6  %
Phase 8 Ettringite 4.82 %
Phase 9 Quartz 1.61 %
Phase 10 : "C2S beta (MUMME)" 5.93 %
Phase 11 : Brucite 34.75 %
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8.1.5 CEMI-LGMgO 1:4:0 at 28 days
Mixing PC and LGMgO caused the formation of several significant phases. There are few 
hydration products that are formed with the hydration of cement, such as portlandite and 
ettringite, and both were present in CEMI-LGMgO 1:2 and 1:4 with 0% waste addition regardless 
of the amount of LGMgO used in the mixture. When LGMgO was blended with PC at a 1:4 ratio, 
periclase, brucite and calcite were detected as the major phases. The Rietveld analysis clearly 
indicates that the amount of the hydration products decreased with higher LGMgO content. 
Brucite is still the principal component with the highest percentage. The X-ray diffraction peaks 
were at 11.8° and 21.31° for gypsum, 29.4° for calcite and at 43° and 62° for periclase. Brucite 
had reflection peaks at 18.8°, 38° and 51°. Moreover, aragonite was detected with peaks at 26.1 
and 45.8° at 20. The reflection peaks are in agreement with XRD patterns and Rietveld analysis 
(Table 8.3).
Table 8.3 Quantitative Analysis -  Rietveld
Phase 1 Periclase 25.58 %
Phase 2 Portlandite 0.81 %
Phase 3 Calcite 8.34 %
Phase 4 Gypsum 6.36 %
Phase 5 Aragonite 8.16 %
Phase 6 Dolomite 2.49 %
Phase 7 Magnesite 0.85 %
Phase 8 Ettringite 1.55 %
Phase 9 Quartz 0.89%
Phase 10 : C2S beta 2.73 %
Phase 11 : Brucite 41.40 %
8.1.6 CEMI-LGMgO 1:2:40 at 28 days
XRD pattern of the S/S products containing 40% waste is shown in Appendix F (Figure 
F.8 , Table F.7). The mineralogical phases detected in the samples are periclase and franklinite, 
which were also found in the as-received EAFD. Franklinite had reflection peaks at 30°, 35.5°, 
43° and 62°, periclase at 43° and 62.2° and magnesioferrite at 30°, 35°, 43°, 57° and 62.7° at 20. 
The content of the crystalline phases is directly proportional to the reflection peak intensity. 
Results show that when LGMgO is blended with cement and EAFD, periclase and dolomite are 
the major crystalline phases dominating the XRD pattern of the paste. As a result of EAFD 
addition, a hydration retardation of cementitious materials was expected. This would cause the 
appearance of the un-reacted di- and tri-calcium silicate phases as reported by Asavapisit et al.
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(2005). The formation of franklinite was expected and reported during the PC hydration in the 
presence of Zn. As shown in Table 8.4, periclase and franklinite are the two dominant phases 
present in this sample. Magnesioferrite is not included in the refinement due to isostructural 
solution with franklinite.
Table 8.4 Quantitative Anaiysis -  Rietveid
Phase 1 Periclase 27.60 %
Phase 2 Calcite 6.39 %
Phase 3 Ettringite 4.29 %
Phase 4 "C2S beta (MUMME)" 13.45 %
Phase 5 Dolomite 1.75 %
Phase 6 Vaterite 4.40 %
Phase 7 Quartz 4.43 %
Phase 8 C4AF 5.92 %
Phase 9 "C2S gamma (MUMME)" 1.95 %
Phase 10 : "C3A Na orthorhombic" 6.63 %
Phase 11 : Franklinite 23.10%
8.1.7 CEMI-LGMgO 1:4:70 at 28 days
During the XRD analysis of this sample, not all components could be identified at the 
qualitative stage; therefore, refinement could not be performed without all phases included. 
The problem was related to the very high background on this sample due to fluorescence from a 
high proportion of Fe which could be masking smaller peaks, thus hindering identification. 
Hence, not all peaks could be identified for this specimen. Another detector could be used to 
filter out fluorescence but this would not have resolved the isostructural cubic phases problem 
as seen in other samples before. The reflection peaks of ettringite were observed at 9°, 
franklinite at 30°, 35.2°, 53°, 56.5° and 62° at 20. Franklinite, periclase and magnetite are some of 
the phases that were observed in the mineralogical analysis of the sample as depicted in Table 
8.5.
Table 8.5 Analysis of Mineralogical Components - CEMI-LGMgO 1:4:70
Compound Name Formula
Franklinite, syn ZnFe2Û4
Periclase, syn MgO
Magnetite, syn Fe+2Fe2+3Ü4
Magnesioferrite, disordered, syn MgFe2+ 3 O4
Maghemite-C, syn Fe2Ü3
Metahewettite CaV6+5Qi6-3H2Ü
Dolomite CaMg(C0 s)2
Calcite, syn CaCOs
Ettringite, syn Ca6Al2(S0 4 )3(0 H)i2-26H20
Lepidocrocite FeO(OH)
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8.1.8 CEMI-slag 1:2:0 at 28 days
Steel slag has a chemical composition similar to PC. The high Fe content of steel slag 
that usually exists in both the di- and tri-trivalent states is the only main difference between PC 
and steel slag. XRD confirmed the absence of Y-C2S. The mineralogical phases detected in the 
samples are calcite as the principal component, along with periclase, portlandite, quartz, 
vaterite, aragonite, annite mica and P-C2S. X-ray reflection peaks were observed at 26.6° for 
quartz, 18°, 34° and 47.5° for portlandite, 29.5° for calcite and 43° and 62.2° for periclase at 20. 
The highest peak was achieved at 43° with periclase. These results are in agreement with 
Retvield analysis and confirm periclase as one of the major phases observed in this sample (see 
Table 8 .6 ). The cement hydration product, portlandite, exists in the XRD analysis of this sample 
which confirms that hydration reactions have taken place. The periclase, calcite and quartz 
phases detected in this sample were also found in the as-received steel slag. However, vaterite, 
aragonite, P-C2S and annite mica phases are detected in this sample only after being mixed with 
cement and cured for 28 days.
Table 8 .6  Quantitative Analysis -  Rietveld
Phase 1: Periclase 20.25 %
Phase 2: Calcite 22.63 %
Phase 3; Portlandite 6 .0 2  %
Phase 4: Quartz 4.41%
Phase 5: Vaterite 17.33 %
Phase 6 : Aragonite 15.45 %
Phase 7: "C2S beta (MUMME)" 11.27 %
Phase 8 : "Annite mica" 2.64 %
8.1.9 CEMI-slag 1:4:0 at 28 days
The mineralogical phases detected in the samples are calcite as the principal component 
, along with periclase, portlandite, ettringite, gypsum, larnite, brucite, quartz, vaterite, aragonite, 
and P-C2S. XRD confirmed the absence of Y-C2S. X-ray reflection peaks were observed at 11.8°, 
20.8° and 29° for gypsum, 18°, 28.6°, 34.1°, 47° and 50.8° for portlandite, 23°, 29.4°, 36°, 43°, 
47.4° and 57.5° for calcite and 43° and 62.1° for periclase at 20. The highest peak was achieved 
at 43° with periclase. These results are in agreement with Retvield analysis and confirm periclase 
as the major phase observed in this sample (see Table 8.7). The ettringite phase, which is one of 
the first hydration products during hydration of cements, was observed in the XRD of this
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sample. Portlandite was also present, which confirms that hydration reactions took place. The 
periclase, calcite, brucite and quartz phases detected in this sample were also found in the as- 
received steel slag. Gypsum was also detected in the as-received cement and EAFD. However, 
the vaterite, aragonite, P-C2S and ettringite phases are detected in this sample only after being 
mixed with cement and cured for 28 days. As previously reported, both CEMI-slag 1:2 and 1:4 
mix combinations without waste addition demonstrated very good strength development when 
compared to cement-only pastes after 28 days of curing. The phases observed in the XRD 
analyses of these samples confirmed the strength development results reported in the previous 
chapters. The formation of hydration products and hence their existence in the XRD analysis at 
high ratios showed that the cement hydration continued and the hydration products required 
for strength development were formed.
Table 8.7 Quantitative Analysis -  Rietveld
Phase 1: Periclase 11.59 %
Phase 2: Calcite 22.28 %
Phase 3: Portlandite 8.29 %
Phase 4: Quartz 2 .8 6  %
Phase 5: Vaterite 5.03 %
Phase 6 : Aragonite 7.79 %
Phase 7: "C2S beta (MUMME)" 16.23 %
Phase 8 : Ettringite 6.75%
Phase 9: Gypsum 18.98 %
8.1.10 CEMI-slag 1:2:40 at 28 days
The Rietveld analysis for this sample is incomplete due to 1) missing peaks at the 
qualitative stage, 2 ) hydrocalumite identified at the qualitative stage missing in the crystal 
structure database and 3) uncertainty over the isostructural solution for franklinite and 
magnesioferrite. However, at this ratio, portlandite was observed as a cement hydration 
product, confirming that hydration took place. As discussed earlier, the strength values were 
quite promising, even with 40% waste addition. Moreover, the Zn content of EAFD caused the 
formation of franklinite and the high MgO content contributed to the formation of magnesite in 
the mixture. The x-ray reflection peaks were observed at 30°, 35.2°, 53°, 56.6° and 62.1° for 
franklinite, at 32°, 43° and 62.1° for periclase and at 29.2° for calcite at 20. Periclase and 
franklinite overlapped at 62.1° at 20. The amount of the P-C2S phase is quite high, which shows
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the existence of un-hydrated cement particles. The strength values of this mix are much lower 
than the previous mix combinations and the cement-paste. This is related to the formation and 
existence of C2S phase in this sample. The hydration of cement did take place but was not high 
enough to convert C2S to portlandite or ettringite, which are required for strength development. 
The ZnO content was very high in this sample, which explains why the most un-hydrated cement 
particles were present in this mixture. Franklinite is the dominant phase in the sample according 
to the Rietveld analysis results shown in Table 8 .8 .
Table 8.8 Quantitative Analysis -  Rietveld
Phase 1: Franklinite 23.91 %
Phase 2: Calcite 16.88 %
Phase 3: Periclase 11.45 %
Phase 4: Vaterite 13.72 %
Phase 5: Quartz 8.75 %
Phase 6 : "C2S beta (MUMME)" 16.84 %
Phase 7: Magnesite 6.78 %
Phase 8 : Portlandite 1.65%
8.1.11 CEMI-slag 1:4:70 at 28 days
The lack of portlandite in this sample confirms that hydration did not take place 
effectively and efficiently which explains why strength development was weak for this mix 
combination. The waste addition was high (70%). The existence of the chromite, zincite and 
franklinite phases confirms the weakened strength development. The zincite and chromite 
inhibit the hydration process and hence the formation of hydration products. Again, as 
observed in the previous mix combination, the high MgO content contributed to the formation 
of periclase, magnesite, magnesioferrite and magnetite in the mixture (see Table 8.9). No 
hydration products were observed for this particular sample. The x-ray reflection peaks were 
observed at 30°, 35.3°, 43°, 53°, 56.8° and 62.1° for franklinite, at 31.6°, 34.4°, 36.2° and 47.5° 
for zincite and at 29.2° for calcite at 20. XRD confirmed the absence of both P-C2S and y-C2S 
phases for this sample. The Rietveld analysis was not complete due to uncertainty over 
isostructural solutions for franklinite, manganese oxide, magnetite, magnesioferrite and 
chromite. Other phases may be present since Ni is present; since this is not detected in the XRD, 
the mineral phase percentage is likely to be less than 0.5 wt%. Periclase is completely 
overlapped by the spinel structure phases and is uncertain in this material.
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Table 8.9 Analysis of Mineralogical Components - CEMI-slag 1:4:70
Compound Name Formula
Franklinite, syn ZnFe2Ü4
Periclase, syn MgO
Magnetite, syn e+2Fe2+304
Manganese Oxide Mng04
Magnesioferrite, syn MgFe2+ 3 O4
Chromite, syn Fe+2 Cr204
Zincite, syn ZnO
Quartz low, syn SI02
Calcite, syn CaCOs
8.1.12 Summary
The new crystalline compounds included calcite and zincite, formed during the S/S 
treatment of the EAFD but were not originally present in pure cement. Calcite was observed in 
the XRD analysis of the as-received steel slag. Moreover, for CEMI-slag 1:2:0, 1:4:0 and 1:2:40 
mix ratios, calcite was the major phase component. Due to the presence of Zn from the waste 
incorporated into the samples, the franklinite and zincite phases were also observed for those 
samples to which EAFD was added. The high MgO and Fe content of steel slag resulted in the 
formation of magnetite and magnesioferrite phases for both CEMI-slag 1:2:40 and 1:4:70 mix 
ratios. The amount of portlandite produced by cement hydration is consumed as soon as it is 
generated and could not be detected as it would be in a typical pure CEMI paste.
Overall, the prevention of strength development can be explained by the presence of 
zincite in the S/S product with LGMgO and waste addition after 28 days of curing age. Zinc oxide 
is a well-known retarding agent of C3S hydration and its effect was overcome only after zincite 
was totally converted into calcium zincate hydrate. The amount of portlandite produced by 
cement hydration was consumed and could not be detected as it would be in a typical pure CEMI 
paste at all ratios studied, except for CEMI-slag 1:2:40 where portlandite still existed, which 
confirms why strength development did take place for this particular product. These results 
confirm that the use of XRD analysis may be an extremely useful tool for evaluating the 
performance of S/S products.
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8.2 SEM-EDX Analysis Results
Considering the large number of solidified products obtained during this study, the SEM 
analysis was carried out only on a selection of mix samples with and without waste addition. 
The SEM images are used to investigate the effect of both waste addition and of replacing PC 
with LGMgO and steel slag. The elemental maps and linescans provide information on the 
dominating elements rather than the exact elemental concentrations. The morphology of 
materials and waste used in this study was analysed after 28 days curing age. The elemental 
compositions and atomic percentages of the elements can be determined by SEM-EDX.
The following sections will present the results obtained for both the materials used 
(EAFD, LGMgO and steel slag) and a selection of solidified products with a view to develop an 
understanding of the various chemical changes that have taken place during the S/S process. 
Details pertaining to spectrum processing and standards used while undertaking the SEM-EDX 
analysis are listed in Appendix F.
8.2.1 EAFD
The SEM image of the EAFD sample used in this study is shown in Figure 8.1. The sum 
spectrum and quantification are provided in Figure 8.2 and Table 8.10, respectively. The waste 
sample is mainly composed of amorphous phases. It consists of spherical particles that have 
formed composites or agglomerates. The quantitative anaiysis showed that EAFD was 
composed of O, Mg, Al, Si, Cl, K, Ca, Cr, Mn, Fe, Zn, Mo and Pb with no Cd being detected. Low 
levels of Pb and Mo were detected with 0, Fe and Zn being the main elements. Zincite was 
detected by XRD and confirmed by EDX where high amounts of Zn and O were identified. 
According to these results, the presence of franklinite, zincite and hematite is expected and in 
agreement with the literature. Balderas et ai. (2001) conducted EDX analyses on as-received 
EAFD and the results showed the existence of Pb, Cu, Mn, As and Cr. Franklinite with some 
amounts of zincite and hematite were found to be the predominant components of EAFD. 
Stegemann et al. (2000) reported that Fe and Zn are the principal components of EAFD. The 
SEM photomicrographs showed that waste is mainly composed of solid spherical agglomerates 
(1 to 30 pm size) and fine-grained irregular particles (<1 pm).
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Figure 8.1 SEM image of EAFD sample as received -  VP mode (xlOO)
Table 8.10 Quantification of EAFD
ull Scale 3823 cts Cursor: 0.000 keV
Element Weight%
Atomic
%
0 K 22.74 50.32
Mg K 1.55 2.25
Al K 1.23 1.61
Si K 0.95 1.19
Cl K 1.29 1.29
KK 0 .66 0.60
Ca K 4.24 3.74
Cr K 1.05 0.72
Mn K 3.38 2.18
Fe K 31.39 19.90
Zn K 28.61 15.49
Mo L 1.02 0.38
Cd L 0.00 0 .00
Pb M 1.90 0.32
Total 100 100
Figure 8.2 Sum spectrum of EAFD as recieved
8.2.2 LGMgO
The SEM image of the as-received LGMgO is shown in Figure 8.3. The quantitative 
analysis from EDX showed that it is composed of 0, Mg, Al, Si, S, Cl, K, Ca, V, Fe and Se with no 
Cd observed (see Table 8.11 and EDX spectrum in Figure 8.4). Low levels of Cl, K and V (<0.5%) 
were identified along with 0  and Mg as the main elements. The EDX spectrum indicates high Mg 
(35.3%) and a smaller amount of Ca (6 .8 %) on the LGMgO particle surface. These levels are in 
agreement with a previous study conducted by Navarra et al. in 2006. The low levels of Cl and S
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and the high level of 0  content indicate the potential formation of precipitates by metal 
hydroxides. No Pb, Zn, Cd, or Cr were detected in the raw LGMgO. The high levels of 0  and Mg 
indicate the presence of a periclase phase in the sample as detected by XRD. Moreover, the 
presence of anhydrite, brucite and lime were also confirmed by the SEM-EDX analysis.
600pm
Figure 8.3 SEM image of LGMgO sample as received VP mode (x50)
1 0 1 2 3 4 5 
pull Scale 3678 cts Cursor -0,029 keV (1758 cts)
6 7 8 9 10
keV
Table 8.11 Quantification of 
LGMgO sample as-received
Figure 8.4 Sum spectrum of LGMgO as recieved
Element Weight% Atomic%
0 K 46.41 60.13
Mg K 35.33 30.12
Al K 1.16 0.89
Si K 1.17 0 .86
S K 3.97 2.57
Cl K 0.26 0.15
K K 0.49 0.26
Ca K 6.80 3.52
V K 0.33 0.13
Fe K 2.77 1.03
Se L 1.31 0.34
Cd L 0.00 0 .00
Total 100.00 100.00
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8.2.3 Steel Slag
The SEM image of steel slag is shown in Figure 8.5, the sum spectrum in Figure 8 .6  and 
the quantification data in Table 8.12. The elemental analysis showed that steel slag was 
composed of 0, Mg, Al, Si, S, K, Ca, Ti, Mn, Fe, Zn and Pb. 0, Ca, Fe and Mg are the main 
elements with very low levels of Ti, S, K, Zn and Pb. The high amount of 0 indicates that 
elements are mostly in the oxide forms with magnesium, iron and calcium oxide being the main 
ones. This could be an indication of the presence of wustite (FeO) which is expected in steel slag 
but could not be detected by XRD analysis (see Section 8.1). The presence of calcite was verified 
by SEM-EDX analysis. The presence of Mg, Si and Al in steel slag verifies the existence of other 
phases including calcite, brucite, periclase and wollastonite.
600pm
Figure 8.5 SEM image of steel slag as received - VP mode
Table 8.12 Quantification of Steel Slag
ull Scale 3573 cts Cursor; 0.005 keV (3550 cts)
Element Weight % Atomic%
0  K 50.19 69.66
Mg K 6.68 6.10
Al K 4.68 3.85
Si K 4.77 3.77
S K 0.66 0.46
K K 0.40 0.23
Ca K 19.95 11.05
Ti K 0.31 0.14
Mn K 2.00 0.81
Fe K 9.36 3.72
Zn K 0.41 0.14
Pb M 0.59 0.06
Total 100.00
Figure 8.6 Sum spectrum of steel slag as received
217
8.2.4 CEMI-LGMgO 1:2:0 at 28 days
The SEM image of CEMI-LGMgO 1:2 with no waste addition after 28 days' curing is 
shown in Figure 8.7. The sum spectrum of this sample is given in Figure 8.9 with quantification 
data in Table 8.13. The quantitative analysis from EDX showed that this sample was composed 
of C, 0, Na, Mg, Al, Si, S and Ca. 0, Mg and Ca were the main elements and are attributed to 
periclase, portlandite, calcite and brucite. The fracture surface of a CEMI-LGMgO mix 
combination is observed with the hydration products of both MgO (brucite) and PC (portlandite, 
ettringite). Other particles contain mainly Si and C which could be attributed to magnesite, 
larnite and aragonite. These compounds were all confirmed by XRD analysis. The mapping of 
the secondary electron image of the samples was also undertaken and is shown in Figure 8 .8 . 
The results show that Mg is concentrated in regions where 0  is also present. Most of the peaks 
present in the raw LGMgO appeared in the stabilised sample and include periclase, magnesite, 
domolite, quartz, calcite and brucite. As expected, portlandite and ettringite were detected in 
the stabilised sample as a result of the cement hydration. Moreover, gypsum and larnite phases 
are also present mainly from the as-received PC.
t
4 0 p m
Figure 8.7 SEM image of CEMi-LGMgO 1:2:0 at 28 days' curing age
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Figure 8.8 EDX elemental Maps of CEMI-LGMgO 1:2:0 with distribution of C, O, Mg, Si, Ca, Na, S
Sum Spectru
Table 8.13 Quantification of 
CEMI-LGMgO 1:2:0
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Element
Weight
%
Atomi
c%
CK 7.41 12.26
0  K 48.50 60.28
Na K 0.27 0.23
Mg K 13.55 11.08
Al K 0.58 0.50
Si K 4.27 3.03
SK 0.42 0.26
Ca K 24.90 12.36
Totals 1 0 0 .0 0
Figure 8.9 Sum spectrum of LGMgO 1:2:0 at 28 days
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8.2.5 CEMI-LGMgO 1:4:0 at 28 days
The SEM image of CEMi-LGMgO 1:4 with no waste addition after 28 days' curing age is 
shown in Figure 8.10. The quantification data is depicted in Table 8.14 and the sum spectrum in 
Figure 8.11. The elemental composition maps are also provided for the SEM image of this 
sample (Figure 8.12). Similar observations were made for CEMI-LGMgO 1:4:0 mix compared to 
the 1:2:0 mix. The only difference is in the elemental levels and the phases found in the 
samples. The Ca and Si levels were lower in the CEMI-LGMgO 1:4:0 mix, while the rest of the 
elements, including 0, Mg, C and S were higher, with a greater amount of LGMgO added to the 
mixture. XRD analysis of both samples confirmed that the same phases exist in both samples. 
EDX analysis showed an increase in the levels of the periclase, gypsum, aragonite, dolomite, 
brucite and magnesite phases in the CEMI-LGMgO 1:4:0 mix ratio. The levels of the rest of the 
phases, including portlandite, calcite, ettringite and quartz, were lower in this mix ratio 
compared to CEMI-LGMO 1:2:0. This is due to the smaller amount of cement present in the 
matrix and a reduction in the amount of hydration products (i.e., portlandite, ettringite) 
generated when in contact with water.
60pm Electron Image 1
Figure 8.10 SEM Image of CEMI-LGMgO 1:4:0
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8.2.6 CEMI-LGMgO 1:2:40 at 28 days
The micrograph of the CEMI-LGMgO 1:2 with 40% waste addition is shown in Figure 
8.13 and includes a magnified area of interest labelled (a). The elemental composition is in Table 
8.15 with the sum spectrum in Figure 8.14. EDX reveals the presence of O, C, Fe, Ca, Mg and Zn 
which are attributed to periclase, calcite, ettringite, franklinite, larnite (P-C2S); with periclase, 
quartz and vaterite as the dominant phases in the sample. In addition, a y-C2S phase was 
detected with dolomite. Other particles contain mainly Si, Al, 5, Cl and Cr. The existence of 
those phases was also confirmed by XRD analysis. The mapping of a secondary electron image 
of the sample is shown Figure 8.15, indicating that Mg and Ca are concentrated in regions where 
O and Si are also present. The map of this sample indicates that 0  is distributed practically along 
the entire sample, which suggests the presence of metal-oxygen structural forms. There are 
regions in which the presence of Fe, Zn and O are observed suggesting the presence of the 
franklinite phase. It was also observed that in areas where Zn is not present, Fe exists at high 
levels. This suggests the presence of iron oxides, probably in the form of magnetite. The 
elemental map distribution also shows that Cr is present in some regions with Fe and O which 
may suggest the presence of a chromite phase. However, this was not validated by XRD analysis 
as no chromite was detected.
Some peaks present in the raw LGMgO and CEMI-LGMgO 1:2:0 and 1:4:0 mix ratios 
appeared in the stabilised sample, i.e., periclase, dolomite, quartz and calcite. The franklinite 
appeared in the stabilised product in a form different from the one in pure cement and as- 
received LGMgO due to the presence of Zn in the waste. Ettringite appeared in the stabilised 
sample as a result of the cement hydration. Moreover, larnite was present in the pure cement 
as-received. It is well documented in the literature that some metals can react with the 
hydrating cement phases and delay the hydration reaction or even cause the complete failure of 
these reactions and hence of strength development. In the previous chapters, we have shown 
that strength development did not fail but was weakened when compared to pure cement 
pastes. It is well known that Zn is present as ZnFe204 (franklinite) and ZnO (zincite) in EAFD while 
Fe is present mostly as Fes04  (magnetite). Zincite is considered as a problematic phase when it 
comes to leaching. When Zn is present in a zincite form, it is easily leached into the solution 
whereas zinc ferrite is less likely to cause leaching problems (Oustadakis et al., 2010). The XRD 
analysis reveals the presence of zinc ferrite in the S/S of EAFD; this explains the excellent 
immobilisation of Zn as illustrated in the leaching test results.
2 2 2
X 2 0 0 0
60pm
Figure 8.13 SEM image of CEMI-LGMgO 1:2:40
0 0.5
Full Scale 43926 cts Cursor 0.000 keV
2.5
keV
Ca
Sum Spectrum
Figure 8.14 Sum spectrum of CEMI-LGMgO 1:2:40
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8.2.7 CEMI-LGMgO 1:4:70 at 28 days
The SEM image of this sample is provided in Figure 8.16. EDX analysis reveals that there 
is a very high proportion of Fe in this sample, a result that is in agreement with XRD analysis 
which showed a very high background due to fluorescence from a high level of Fe. EDX reveals 
the presence of Mg, Si, Ca and Zn as the major elements with low levels of Cr. No Mo, Cd, Pb 
and C were detected in the analysis of this sample (Table 8.16 and Figure 8.17). However, the 
spherical part identified in the micrograph is mainly made up of Zn, Cr, Pb, Cl, Cd, Mo, 0  and Fe. 
Mo was not detected when a bulk analysis of the sample was undertaken where some Mo was 
detected in the magnified area. The sphere particle maybe include some Mo but only very little 
level that could not be detected in first analyses. It is apparent that a franklinite phase is 
dominant in this region of the sample. These variations observed in the analysis of different 
regions in the sample demonstrate that the solidified sample is not homogeneous, which could 
be due to the fact that the mixture is not perfectly hydrated, although it effectively retained Zn.
Figure 8.16 SEM image of CEMi-LGMgO 1:4:70 -  large area
1 2 3 4 5
.......... ■
6 7 8 9 10
.......... "
11 12 1
Full Scale 482 cts Cursor: 0.000 keV keV
Figure 8.17 Sum spectrum of CEMI-LGMgO 1:4:70
225
Table 8.16 Quantification of CEMI-LGMgO 1:4:70 
Large area Spherical Part
Element Weight% Atomic% Element Weight % Atomic %
K 0 .0 0 0 .0 0 MgK 4.61 9.96
MgK 15.12 28.02 Al K 0.51 0.99
SiK 3.03 4.86 SiK 1.99 3.72
Ca K 11.96 13.45 Cl K 0.52 0.77
CrK 1.96 1.70 Ca K 9.85 12.89
FeL 43.62 35.20 CrK 1.92 1.93
Zn K 24.32 16.77 FeL 46.20 43.41
Mo L 0 .0 0 0 .0 0 Zn K 30.93 24.83
Cd L 0 .0 0 0 .0 0 Mo L 2.13 1.16
PbM 0 .0 0 0 .0 0 Pb M 1.35 0.34
Total 1 0 0 .0 0 1 0 0 .0 0 Total 1 0 0 .0 0 1 0 0 .0 0
The first part of the quantification data gives an indication of elements present in the large area while the 
second half is the quantification data of the spherical particle. The spherical particle is mainly made up of 
Zn and Fe which indicates the presence of zinc ferrite (franklinite).
8.2.8 CEMI-slag 1:2:0 at 28 days
The SEM image of CEMI-SLAG 1:2 with no waste addition after 28 days' curing is shown 
in Figure 8.18. The quantitative analysis from EDX showed that this sample is composed of C, O, 
Mg, Al, Si, Cl, Fe and Ca, with C, 0, Mg and Ca as the main elements (Table 8.17). The sum 
spectrum is given in Figure 8.19. EDX reveals the presence of 0, Mg, C and Ca which are 
attributed mainly to calcite, portlandite, vaterite and aragonite. Other particles contain mainly 
Si, Fe and Mg. This is attributed to periclase, quartz, larnite and annite, as also confirmed by XRD 
analysis. The mapping analysis (Figure 8.20) shows that Ca is concentrated in regions where O 
and Si are present. Additional peaks which were not originally present in the steel slag and pure 
cement appeared in the stabilised sample. The new crystalline compounds include vaterite, 
aragonite, annite and ludwigite formed during the stabilisation process. Portlandite and quartz 
are present in pure cement whereas the periclase, calcite and larnite phases are present the 
steel slag sample.
Figures 8.18 (a) and (b) show magnified regions consisting mainly of O, Fe, Mo, Ca and Si. 
It was observed that 0  is mostly concentrated in regions where Si, Fe, Ca, and Mo are also 
present. Ca and Fe are present mainly in those regions where no other metals exist, except Zn 
and Pb. The micrographs clearly indicate that the particles are randomly distributed on the lake­
like region (a) and are mainly composed of Si, O and Ca. Zn, Mo, Cd and Pb are the waste 
constituents spread throughout the solidified sample. The UCS results achieved for this mix 
were quite satisfactory, which suggests that the heavy metals may have been encapsulated in
226
the solid matrix. Crystalline structures in this sample (shown by arrows) are most probably the 
products of hydration reactions. Mapping results of the magnified area (not provided here) show 
that Ca and Si are the dominant elements, which could be an indication of hydration products (C- 
H and C-S-H gel). The strong strength development obtained supports this statement as the 
slag-blended mix combinations exhibited high strength development compared to other mix 
blends. The results also show that Pb, Cd, Cr, Zn and Mo exist at very low levels in this mix 
combination.
XIOOO
%
700um
Fe Ka1
Ca Ka1
Figure 8.18 SEM Image of CEMI-slag 1:2:0 at 28 days -  large area scan (X90)
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8.2.9 CEMI-slag 1:4:0 at 28 days
The SEM image and maps of CEMI-slag 1:4:0 are given in Figure 8.21 and Figure 8.23, 
respectively. As is apparent in Figure 8.22 and Table 8.18, C, 0, Mg, Si and Ca are the main 
elements present in this sample. The dark areas are mainly composed of Mg and 0, as 
confirmed by XRD results which showed that a periclase phase is present at high levels. Ca, Si 
and 0  are also concentrated in similar places, which may indicate possible reactions of these 
metals as oxides. The high proportions of gypsum, C2S and calcite phases were also identified in 
the SEM image observations. The cement hydration products in the 1:4:0 mix ratio include 
portlandite and etrringite at reasonable levels. Periclase, gypsum, larnite and quartz phases 
exist in this sample and are similar to those in the 1 :2 :0  mix.
100pm
Figure 8.21 SEM image of CEMI-slag 1:4:0
0 1 2  3 4
■ull Scale 180072 cts Cursor: -0.322 keV (0 cts)
1C
keV
Figure 8.22 Sum spectrum of CEMI-slag 1:4:0
229
o  p x j ,
u
■O
C
ro
O
c
IM
S
u
<7f
oB
d
u
‘o
om
CM
o
CtOfO
(/)
cm
a
00 T—I
cô
_0J
m
« no enfN T—1 fsl o LO uo M
oqË ro eo T—I O o no no rH d
O
<
fsl
rvj en d LO r—1 no d 00 d oT—1
oo
en
00 ^  en 00 om PO LD Ln ^
o r>-' ^  o
eo
00
oen en o  o
o s
< OO u cj
8.2.10 CEMI-slag 1:2:40 at 28 days
The SEM image of CEMI-slag 1:2:40 is shown in Figure 8.24 with the sum spectrum and 
quantification data in Figure 8.25 and Table 8.19, respectively. Two magnified images are also 
provided for this sample to examine the structure of the sample in further detail. Several 
spherical structures were observed. Based on the results achieved, the spherical particles 
consist mainly of Fe and 0. This sample is mainly made up of 0, Ca and Fe. The presence of Zn 
and Si at maximum levels and trace amounts of Mg, Al, and Cr were observed. CaO and FeO 
components compounded with Zn are expected to be present in this area of the sample. XRD 
results confirmed the presence of franklinite with the highest level present in this sample. 
SEM/EDX results indicated the presence of franklinite, calcite, vaterite, periclase and C2S phases, 
a result that was already confirmed by XRD analysis.
a
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Figure 8.24 SEM image of CEMI-slag 1:2:40
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Figure 8.25 Sum spectrum of CEMI-slag 1:2:40 
8.2.11 CEMI-slag 1:4:70 at 28 days
Table 8.19 Quantification of
CEMI-slag 1:2:40
Element Weight%
Atomic
%
0 K 38.50 55.64
Mg K 1.61 1.53
Al K 1.84 1.58
Si K 5.15 4.24
Cl K 0.60 0.39
Ca K 17.08 9.85
Mn K 1.72 0.72
Fe L 13.83 5.73
Zn K 11.17 3.95
Totals 100.00
The SEM image of CEMI-slag 1:4:70 is shown in Figure 8.26. The elemental composition 
in Table 8.20 shows that this product is mainly composed of Zn (as expected due to its high 
content in EAFD), Fe and 0. Fligh levels of franklinite were detected in this sample and further 
validated by the corresponding XRD results. The sum spectrum of the examined area of this 
sample is given in Figure 8.28.
100pm
Figure 8.26 SEM image of CEMI-slag 1:4:70 (X400)
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The backscatter analysis provided in Figure 8.27 showed that Ca, 0, Zn and Fe are the 
dominant elements present in this sample and are concentrated in the same areas, which, once 
again, suggests that the franklinite phase is dominant.
C Kal Al KalCa Kal
Fe Kal Zn Ka1 Mn Ka1
Mg Ka1_2 C rK a l SI Kal
Figure 8.27 EDX elemental maps of CEMI-slag 1:4:70 with distribution 
of Ca, Cl, Al, Fe, Zn, Mn, Mg, Cr and Si.
Table 8.20 Quantification of 
CEMI-slag 1:4:70
nil Scale 180072 cts Cursor: 0.000 kev
Element Weight% Atomic%
C K 6.71 15.55
0  K 28.87 50.25
Mg K 1.44 1.65
Al K 0.50 0.52
Si K 1.64 1.63
Cl K 0.49 0.38
Ca K 7.29 5.07
CrK 1.09 0.58
Mn K 2.97 1.51
Fe L 27.23 13.58
Ni K 0.20 0.09
Zn K 21.56 9.19
As L 0.00 0.00
Total 100.00 100.00
Figure 8.28 Sum Spectrum of CEMI-slag 1:4:70
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Figure 8.29 SEM image of CEMI-slag 1:4:70
Table 8.21 Quantification of CEMI-slag 1:4:70
Element Weight% Atomlc%
CK 17.83 35.35
0 K 25.67 38.20
Na K 1.44 1.49
MgK 1.25 1.22
Al K 0.40 0.35
Si K 1.37 1.16
Cl K 0.41 0.28
K K 0.10 0.06
Ca K 7.61 4.52
CrK 0.65 0.30
Mn K 2.52 1.09
Fe L 19.54 8.33
Ni K 0.19 0.08
Cu K 0.21 0.08
Zn K 20.45 7.45
As L 0.00 0 .00
Cd L 0.00 0 .00
Pb M 0.35 0.04
Total 100.00 100.00
Another magnified image of CEMI-slag 1:4:70 (Figure 8.29) shows that the sample is 
mainly composed of big and small spherical particles. The quantification data of this image is 
given in Table 8.21. The magnified image and corresponding quantification data once again 
confirm that the sample is mainly composed of O, Fe, Ca and Zn. Trace amounts of Pb and Cr are
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observed. It is interesting to note that only a small amount of Si is present in this sample. The 
elemental mapping data of this image (not provided here) showed that Zn is mostly 
concentrated in areas where 0, Fe and Ca are present. The elemental composition observed in 
both images is similar in nature. The magnified image in Figure 8.29 shows that the sample is 
composed of thousands of tiny spherical particles.
8.3 Summary
The purpose of conducting XRD and SEM/EDX analyses of the specimens was to show 
and identify which potential phases could have formed during the S/S of EAFD which were not 
originally present in EAFD and binding agents as received.
The chemical characterisation is closely correlated with the characterisation of the 
amendments by EDX analysis. The morphologies of these studied particles do not seem to 
indicate the formation of any new Pb, Cr or Cd bearing phases. Even if Pb, Cd or Cr bearing 
phases exist in the treated samples, the amount must be too small to be detected.
XRD and SEM analysis indicated that Zn is mostly present in zincite and franklinite form. 
Zinc ferrite dissolution is lower when compared to zincite, which is readily dissolved. Anhydrite 
(CaS0 4 ) and anglesite (PbS0 4 ) are considered as the main mineralogical phases of the leached 
residue while no anglesite phase was detected in either of SEM/EDX or XRD analysis of this 
study. The anhydrite phase was not observed in all samples investigated (Oustadakis et al., 
2010).
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CHAPTER 9
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
9.1 Summary
In this study, the S/S of EAFD was investigated using alternative binding agents to 
replace cement including PFA, steel slag, LGMgO and hlime. With the new EU legislation, it has 
become necessary not only to stabilise the waste but for some strength development and 
consistency to be attained if the waste is to be treated by S/S and then disposed of in a landfill 
environment.
It is difficult to achieve generic results with wastes like EAFD where the composition is 
greatly dependent on the production process, and due to variations in the heavy metals content. 
Thus, not every single metal can be immobilised at similar pH range or be encapsulated with the 
same amount of binder. The waste/binder matrix would have a significant effect on the final S/S 
products' performance. Hence, the present study was aimed to provide sufficient information to 
validate the viability of using hlime, LGMgO, steel slag and PFA as binding agents for the 
effective treatment of EAFD and to fulfil the criteria for landfill disposal. The project addressed 
these issues by performing a rigorous and systematic experimental programme. The 
components of the waste and the mix design formulations used (i.e., water/cement and 
cement/solid ratios) have a significant effect on the properties of the final product in terms of 
handling, durability and leaching characteristics. Since the ultimate disposal of the S/S products 
is landfilling, their workability and setting properties are important to ensure that a certain level 
of hardness is achieved prior to disposal, and hence why they are important parameters. UCS is 
important as it provides a good indication of the handling properties and the physical stability of 
the waste if it is to be disposed of in a landfill. In this study, three separate leaching tests were 
also performed in order to decide how effective the mix matrix was in terms of metal 
stabilisation and fixation. The main conclusions derived from this research work are summarised 
in the following section.
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9.2 Conclusions
The main conclusions derived from  this research w ork are as fo llow .
• Basic characterisation of EAFD has shown that its hazardous properties are due to the 
concentration of Pb (699.1 mg/kg) and Zn (111.4 mg/kg) which exceeded the hazardous 
waste landfill (BS EN 12457-3) set limits of 50 and 30 mg/kg respectively. The waste 
sample was found to be toxic for reproduction and ecotoxic.
• The results show that almost all blended mix ratios studied were successful in terms of 
physical integrity including UCS, setting time and consistency tests but only few were 
capable of stabilising heavy metals.
•  The setting and strength development were delayed mainly due to the heavy metal 
content of the waste.
• Best physical performances were achieved in the following order: CEMI-only > CEMI-slag 
> CEMI-PFA > CEMI-LGMgO > CEMI-hlime. However, most of the slag-blended samples 
achieved higher UCS values than CEMI-only samples at longer curing ages (>28 days, 
CEMI-slag 1:2:40, at 56 days, both CEMI-slag 1:2:70 and 1:4:40).
• Metals mobility of Pb, Cd and Zn, is associated with pH. Low pH values (<7) increase the 
solubility of the metals in question, whereas pH values in the range of 8  to 11 decreases 
the mobility of those metals.
• Mo usually forms mobile oxy-anions and present as M oO /' above pH 5. It is believed 
that the existence of PbMo0 4  and CaMoÛ4 phases control Mo solubility in the leachate 
within pH range of 4 and 7. XRD and SEM/EDX analysis could not detect any CaMoÛ4 and 
PbMo0 4  phases which are required to control Mo leaching. Therefore, Mo leaching 
could be linked to the fact that there was no information of CaMoÛ4 and PbMo0 4 in the 
systems.
• The trend of heavy metal emissions, including Zn, Cd, Cr, Mo, Cl and Pb is not linear w ith 
continuous changes in the sign of the slopes. Very few samples had a leaching 
behaviour that is mainly dominated by diffusion. A very high proportion of samples 
showed a mode dominated mostly by depletion.
•  Overall, leaching test results clearly showed that the use of LGMgO, steel slag, PFA and 
hlime as alternative binders for EAFD S/S exhibited much better product performance in 
terms of granular leaching test regime when compared to the monolithic one.
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•  The leaching test results showed that the leaching test according to EA NEN 7375 
provides a more conservative scenario than the one presented by the standard BS EN 
12457-3 for granular waste.
• The new crystalline compounds formed in the stabilisation process included calcite and 
zincite and appeared in the waste samples but were not originally present in the pure 
cement. The high MgO and Fe content of steel slag resulted in the formation of 
magnetite and magnesioferrite for both CEMI-slag 1:2:40 and 1:4:70 mix ratios.
•  Micro-structural analysis revealed that waste solidification is governed by the formation
of crystalline calcium zincate hydrate CaZn2(0 H)6»2 H2 0  by reaction of ZnO with the
cement hydration product portlandite (Ca(0 H)2).
•  SEM analysis was able to detect the formation of cement hydration products 
(portlandite and ettringite) and the effect of heavy metals, including Zn, Mo, Cd and Cr, 
on the formation of C-H and/or C-S-H cement hydration products.
• The SEM/EDX results demonstrated the existence of zinc in EAFD waste with Pb, Cd and 
Cr bearing phases being very small to be detected. Anhydrite (CaSOJ and anglesite 
(PbS0 4 ) are considered as the main mineralogical phases of the leaching residue 
however these were not detected in either the SEM/EDX or XRD analysis of this study.
• CEMI-LGMgO 1:4:40 and CEMI-slag 1:4:70 were the optimum mix designs that were 
successful in the S/S of EAFD and satisfied all the WAC requirements.
•  Effective replacement of cement by LGMgO and steel slag (both waste by-products) at a
ratio of 1:4 significantly improves both the economics and sustainability characteristics 
of this treatment technique.
9.3 Recommendations for Future Work
The present research project focused on the investigation of treating an industrial by­
product, EAFD, classified as hazardous waste due to its high heavy metal content, using S/S 
technology. Within the scope of the research, the aim was to reduce the cement content in S/S 
technique by using sustainable alternative binding agents. Hence, several by-products were 
investigated as binding materials (PFA, steel slag and LGMgO). The results showed that the 
strength development of these by-products is quite promising, both with and w ithout waste 
addition. It is clear that additional work is required to improve the knowledge base and 
investigate the weaknesses in the methodology used and the results obtained.
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In order to test the S/S products' efficiency with and without waste addition, many tests 
were conducted to investigate the physical and chemical characteristics of the S/S products. 
However, due to financial constraints and lack of time, further investigation on samples could 
not be completed. For instance, a further thaw/freeze test could be applied on samples without 
waste addition to test their efficiency when exposed to real-life conditions. This is also required 
for the samples with added waste if the S/S products are to be disposed of in landfill sites. 
Moreover, the XRD and SEM analysis of specimens were only undertaken on some specific 
samples to give an overall idea of the micro-structural properties and mineralogical structure of 
the S/S products. These two analyses were performed on samples after 28 days' curing. Further 
detailed analysis could be undertaken on samples after monolithic leaching tests in order to 
determine the effect of these tests on the specimens. The analysis of samples before and after 
monolithic leaching tests could give an indication of heavy metals' leaching potential and the 
reasons for the high leaching rates under the conditions of this particular test.
The UCS and leaching tests were carried out under no carbonation conditions in order to 
prevent any detrimental effect of carbonation on the specimens. A further investigation could 
be undertaken on samples cured under carbonation conditions so that a detailed analysis with 
and without carbonation effects could be performed. This is due to the fact that some previous 
studies proved some beneficial effect of carbonation on strength development and promising 
effects on metals' stabilisation, contrary to what is widely believed in the literature. Improved 
properties of solidified waste forms were observed, including significantly reduced porosity of 
the carbonated samples (Lange et al., 1996a, b; Hills et al., 1999; Ecke et al., 2001). It is 
therefore important to know what the case would be if the experiments were conducted under 
carbonation.
The strength development of the specimens was tested up to 56 days. Under certain 
circumstances, strength development could be weakened or further strengthened over longer 
periods of time, depending on the activity of the hydration reactions due to the contaminants. 
Hence, a study of the long-term performance of the contaminants in the actual field is also 
required.
Silica fume and geopolymers could be used to improve the efficiency and effectiveness 
of the S/S products. Since the alkalinity of the S/S systems plays a vital role in the mobility and 
hence the solubility of the metals, it could be controlled by several chemical additives in order to 
reduce the leachability of some amphoteric metals. The most problematic material was Mo, 
with the highest leaching rates. Further investigation should be undertaken on how to control 
and reduce the solubility of Mo.
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Detailed waste characterisation is required at the source of the waste. The waste used 
in this study was a batch obtained in December, 2007 and detailed chemical analyses were 
conducted on the samples from this batch. Moreover, a few more detailed characterisations of 
samples obtained from other batches generated earlier in the same year were also provided by 
the supplier. However, a longer investigation (perhaps a year or longer) is required to determine 
the variation of metal content in the waste. The recycling of certain metals in this waste, e.g., 
Zn, could be considered although the varying levels of heavy metals are the main handicap of 
recycling. The recycling process can only be considered if it is economically viable and this could 
only be achieved if the content is high enough. Therefore, a longer period of investigation is 
required to determine the production trend of the company and provide a reasonable indication 
of the level generated. This information will be relevant to determine if a small scale onsite 
recycling facility would be economically viable for the company.
The S/S process can be applied on various waste types and the reagents used and the 
ratios specified in this research study could be optimised on the treatment of other waste types. 
However, at first the chemical characterisation and analyses of wastes in discussion is required 
in order to decide the chemical structure of the waste and to check whether it is a problematic 
waste due to its organic or inorganic constituents. It is important since the waste/binder ratios 
chosen and the binders used were selected in the treatment of an inorganic contained waste.
In order to apply the optimisation process on any solidification/stabilisation problem the 
most promising binders (e.g. LGMgO) and mix ratios (i.e. 1:4:40) are selected. As the mix ratios 
and the potential binders that could be used on any other S/S problem are decided the next step 
is to perform a more through set of tests on these mix ratios with the waste in question. The 
prepared samples should be cured for short and longer period of time (at least 7-56 days). 
Several chemical leaching and physical tests should be performed on the test samples prepared 
as was specified and used in this particular research work in the treatment of EAFD. Similar to 
this study replicate testing is required in order to provide assurance of the accuracy of the 
results. Further extended advanced experimental procedures including XRD, SEM-EDX could be 
performed in order to investigate the effect of S/S before and after treatment. Moreover, the 
leaching characteristics of the samples could be investigated by undertaken these advanced 
testing protocols.
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